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The stretch shortening cycle muscle action is an important part of dynamic muscle function, 
and enhances muscle performance by improving the force output, power output and 
mechanical efficiency of the working muscles when compared to isolated muscle function. 
Although many factors contribute towards the stretch shortening cycle muscle action, tendon 
elasticity seems to have a predominant role in determining the stretch shortening cycle 
potentiation of muscle performance. 
Musculotendinous stiffness or elasticity is difficult to measure in vivo. Therefore, various 
procedures have been used in an attempt to quantify the contribution of the elastic 
properties of muscle and tendon to stretch shortening cycle performance. The results are 
variable, perhaps as a result of the different techniques utilised. Although several studies 
have suggested an association between a more compliant muscle-tendon complex, and 
enhanced stretch shortening cycle performance, this interpretation is not conclusive and 
needs further testing with particular attenti n being focused on the non-invasive, in vivo 
measurement of musculotendinous stiffness. 
Accordingly, the primary goal of this dissertation was to identify the relationship between the 
mechanical characteristics of the muscle-tendon complex, in particular tendon stiffness, and 
stretch shortening cycle muscle function. 
To fulfil this goal, the main aims of this thesis were: 
(i) To design and develop a testing procedure/equipment that could measure 
stretch shortening cycle muscle function and musculotendinous stiffness in 
both upper and lower body musculature 
. (ii) To determine if the procedures for measuring musculotendinous stiffness in 
both upper and lower body musculature were repeatable. 
(iii) To determine if the procedures for measuring stretch shortening cycle muscle 
function in both upper and lower body musculature were repeatable. 










(iv) To refine the testing procedures, based on the experience gained in (ii) and 
(iii). 
(v) To determine the relationship between musculotendinous stiffness and stretch 
shortening cycle muscle function in both upper and lower body musculature. 
METHODS: 
(i) After a review of research on stretch shortening cycle testing and measurement of 
musculotendinous stiffness, an idea was formulated and design sketches drawn for 
the development of the NAMS (Neuromuscular And Musculotendinous stiffness) 
unit. A local gym equipment manufacturer (Zest Manufacturing PTY (Ltd), Cape 
Town) agreed to sponsor the construction of the structural equipment. Although 
based on principles from previous research, the equipment was a unique design 
with its own features and technology. 
(ii) Musculotendinous stiffness was measured using the oscillation technique, which 
utilises the force-oscillations following the perturbation of a loaded muscle-group in 
a semi-static position. The repeatability of the test was measured over 3 days in the 
lower body (n = 10 subjects) and upper body (n = 9 subjects). Subjects were tested 
at relative loads of 30, 40, 50, 60 and 70 % of their maximum isometric leg press 
and maximum rebound bench press in the lower body and upper body studies 
respectively. Maximal stiffness was extrapolated from the submaximal stiffness-
load relationship using a downward exponential association equation. 
(iii) The stretch shorten ng cycle testing procedures on the NAMS unit utilised squat 
jumps and countermovement jumps, and pure concentric bench throws and rebound 
bench throws to differentiate muscle performance potentiation as a result of the 
stretch shortening cycle muscle action in the lower and upper body respectively. 
Force- and EMG data were also collected to differentiate muscle performance in 
both the upper body and lower body studies. The repeatability of these tests was 
measured over 3 days in the lower body (n = 10 subjects) and in the upper body 
(n = 10 subjects). 
(iv) Based on the experience gained in the repeatability studies, the oscillation 
technique used in the lower body and upper body studies was modified to utilise an 
absolute rather than a relative loading protocol, and the data were fitted with a 
Boltzmann sigmoid equation, rather than the downward exponential association 










equation to derive maximal stiffness. Minor, yet significant changes were also 
made to the protocols for measuring stretch shortening cycle ability in the lower and 
upper body. 
(v) Male subjects were tested using the modified oscillation test for the lower body 
(n = 17 subjects) and upper body (n = 19 subjects), and the submaximal and 
maximal musculotendinous (tendon) sti'ffness data were compared to the stretch 
shortening cycle potentiation of muscle performance using the modified techniques. 
RESULTS: 
(i) The NAMS unit was completed and subjected to procedural and pilot testing in 
July 2001, (Chapter 2). 
(ii) The measures of musculotendinous stiffness of the lower body musculature showed 
intra-class correlation coefficients and coefficients of variation ranging from 
R = 0.97 - 0.99 and CV = 3.4 - 8.0 % respectively over the range of loads tested. 
The average maximal stiffness of 'the total group was 30.7 ± 5.9 kN.m-1 (Chapter 3). 
The measures of musculotendinous stiffness of the upper body musculature showed 
intra-class correlation coefficients and coefficients of variation ranging from 
R = 0.81 - 0.94 and CV = 4.8 - 10.1 % respectively over the range of loads tested. 
The average maximal stiffness of the total group was 14.0 ± 2.0 kN.m-1 (Chapter 3). 
(iii) The squat jumps had an intra-class correlation coefficient of 
R = 0.98 (95% CI: 0.94 - 0.99) and coefficient of variation (CV) of 3.6 (95% CI: 
2.7 - 5.3)%. The countermovement jumps had an intra-class correlation coefficient 
of R = 0.96 (95% CI: 0.89 - 0.99) and coefficient of variation of 6.4 (95% CI: 
4.8 - 9.5)%. The acceptable force- and EMG data had intra-class correlation 
coefficient ranges of R = 0.86 - 0.99 and R = 0.82 - 0.90, and coefficients of 
variation ranges of CV = 3.3 - 11.7 % and CV = 16.9 - 24.0 % respectively 
(Chapter 5). The pure concentric bench throws had an intra-class correlation 
coefficient of R = 0.99 (95% CI: 0.97 - 1.00) and coefficient of variation of 5.8 
(95% CI: 4.4 - 8.6) %. The rebound bench throws had an intra-class correlation 
coefficient of R = 0.98 (95% CI: 0.94 - 0.99) and coefficient of variation of 7.7 
(95% CI: 5.8 - 11.4) %. The acceptable force- and EMG data had intra-class 
correlation coefficient ranges of R = 0.94 - 0.96 and R = 0.92 - 0.96, and 










coefficients of variation ranges of CV = 3.3 - 5.4 % and CV = 10.8 - 21.7 % 
respectively (Chapter 5). 
(iv) The graph of stiffness vs. load fitted by the Boltzmann equation followed a less rigid 
path and gave a more accurate representation of the functional properties expected 
of a muscle-tendon complex under loading· conditions than the original downward 
exponential association. 
(v) In Chapter 6, 17 male subjects were recruited and underwent tests to measure 
maximal musculotendinous (tendon) stiffness values in their lower body musculature 
(29.4 ± 6.0 kN.m-1; range 20.5 - 39.6 kN.m-1) and stretch shortening cycle 
potentiation. This study showed a significant (p < 0.0000001) 12 ± 5% increase in 
countermovement jump height (28.0 ± 3.0 cm) over squat jump height 
(25.1 ± 2.9 cm). In this study average force was 32 ± 24% higher in 
countermovement jumps than in squat jumps. Similar, yet more pronounced 
improvements were noted in average and peak power; average power increased by 
103 ± 39% and peak power improved by 61 ± 20%. The major finding in this study 
was that there was no relationship between both maximal (tendon) and submaximal 
musculotendinous stiffness measures, and any of the measurements of potentiation 
associated with the stretch shortening cycle. In Chapter 7, 19 male subjects were 
recruited for the measurement of maximal (tendon) stiffness data (15.6 ± 7.3 kN.m-1; 
range 8.3 - 35.2 kN.m-1) and stretch shortening cycle potentiation in their upper 
body musculature. In this study average force was 71 ± 32% higher in rebound 
bench throws than in pure concentric bench throws. As with the lower body data, 
similar, yet more pronounced improvements were noted in average and peak power; 
average power increased by 157 ± 50% and peak power improved by 121 ± 54%. 
Musculotendinous stiffness had a weak inverse relationship with impulse 
potentiation (r = -0.57) and showed no relationship to any of the other measures of 
stretch shortening cycle potentiation. 
CONCLUSIONS: 
(i) The NAMS unit and testing procedures are reliable and the data are an accurate 
representation of muscle function. 
(ii) The oscillation technique was shown to be a reliable measure of musculotendinous 
stiffness in both lower and upper body studies. However, the determination of 










musculotendinous stiffness in this format was innuenced by the load against which 
the muscle was contracting, and the subject's body mass in the muscles of the 
lower body, and to a lesser extent in the muscles of the upper body. The technique 
needed to be refined to address these, and some additional procedural concerns. 
(iii) The majority of the vertical jump and bench throw measures using the NAMS unit 
were repeatable and had sufficient precision to detect changes with about 
10 subjects. However, one should be cautious in the interpretation of all stretch 
shortening cycle potentiation measures. The mathematical manipulation of very 
repeatable data sets e.g. squat jump height and countermovement jump height in 
the lower body, and pure concentric bench throw height and rebound bench throw 
height in the upper body, seems to be flawed when combined and expressed as 
differences, ratios or relative change indices, as this reduces the reliability and 
increases the variability of these derived measures. However, to represent the 
potentiation in muscle performance as a result of the stretch shortening cycle 
muscle action, one needs to relate the pure concentric measures with the stretch 
shortening cycle measures, and at present there does not seem to be a better 
alternative way to quantify this relationship. It is important, in future research, to 
acknowledge and understand the limitations of the derived measures of potentiation 
expressed in this way. 
(iv) The oscillation technique was modified to an absolute rather than a relative loading 
protocol, and the formulation for deriving maximal stiffness was changed from the 
downward exponential association equation to the Boltzmann sigmoid equation. 
This seemed to be a more accurate way of predicting musculotendinous stiffness, 
and the stiffness-load relationship, than the original method. The modifications in 
the stretch shortening cycle testing procedures of the lower and upper body reduced 
the experimental error involved and made the testing procedures more accurate in 
their representation of the data. 
(v) In Chapter 6, tendon elasticity (stiffness) was measured in the lower body .. Next, 
tendon elasticity was related to the associated stretch shortening cycle 
performance. It was concluded that tendon elasticity, as an isolated component of 
muscle function, was not related to the associated stretch shortening cycle muscle 
performance in the lower body. In Chapter 7, tendon elasticity (stiffness) was 
measured in the upper body and related to the associated stretch shortening cycle 
performance of the upper body musculature. It was concluded that tendon 










elasticity, as an isolated component of muscle function, had a weak relationship to 
stretch shortening cycle performance in the upper body. On the basis of this weak 
relationship, it can be argued that the isolated measurement of tendon elasticity has 
little value in explaining stretch shortening cycle performance and the mechanisms 
involved in muscle performance potentiation resulting 'from stretch shortening cycle 
muscle actions. As with the lower body, further research in this area should focus 
on the integration of, and combined interaction between, the numerous mechanisms 
involved in the stretch shortening cycle action. 
SUMMARY OF FINDINGS: 
The potentiation of muscle performance during stretch shortening cycle activities occurs 
regardless of different muscle and tendon elastic characteristics. Based on these data, it is 
proposed that the neuromuscular and elastic properties of the muscle-tendon complex may 
contribute in varying proportions towards the potentiation in muscle performance, associated 
with the stretch shortening cycle muscle action. 











Literature Review on tendon stiffness and stretch shortening 
cycle performance 
INTRODUCTION AND SCOPE OF THESIS 
This project was initiated with the primary aim of developing a repeatable technique of 
testing for stretch shortening cycle ability. In pilot studies in our unit, it was found that 
vertical jumping techniques were not repeatable and hence lacked the required precision 
for mechanistic studies on muscle function. The main problem with the techniquewas that 
the subjects did not always jump and land in the same place. This initiated an extensive 
literature review on stretch shortening cycle testing procedures to gain insight into another 
approach to this problem. 
During the literature search, some studies generated ideas about modifying a Smith 
machine to measure stretch shortening cycle function, jn both upper (42;119;153-156) and 
lower body musculature (72;74;150;154). An advantage of this equipment was that it 
limited movement-in- one -plane,-and therefore extraneous movement-and displacement 
would also be limited. This would have the potential to improve the repeatability --of the 
measurement of stretch shortening cycle activity using vertical jumping and bench throws 
for the lower body and upper body musculature respectively. 
Another interesting finding in the review was that numerous papers suggested that tendon 
elasticity had a significant role to play in stretch shortening cycle muscle function, and also 
that tendon elasticity, might be a determining factor in stretch shortening cycle 
improvement of muscular performance (97;101;133;136;1-54-153;156}; This.-faised, the 
-questiOn- of .. oow,ooe OOlIkJ --accurate1y,measuremusculotendfnous-stiffness-;- tnpsmcuiar 
tendon stiffness or --elasticity, to gain a better understanding of muscle function during the 
stretch shortening cycle. 










Therefore, it was decided to design and build a modified Smith machine and force plate, 
together with additional attachments, which later collectively became known as the NAMS 
unit (Neuromuscular And Musculotendinous stiffness unit) for the testing and 
measurement of musculotendinous stiffness and stretch shortening cycle performance. 
Additionally, the testing procedures for stretch shortening cycle muscle function and 
musculotendinous stiffness needed to be developed, and subjected to pilot testing. 
The scope of this thesis therefore was a comprehensive review of the literature on stretch 
shortening cycle and musculotendinous stiffness (Chapter 1). The experimental part of the 
thesis began with the design and development of the NAMS unit and testing procedures 
described in Chapter 2. This was described in detail, as it formed the foundation of the 
experimental phase of the thesis. After the design, building and pilot testing were 
completed, a formal repeatability analysis of the developed techniques of muscle function 
was performed. 
Chapter 3 includes repeatability studies on the measurement of musculotendinous 
stiffness in both the 10VJer and upper body musculature. Certain questions were raised 
about the technique of musculotendinous stiffness measurement in Chapter 3. Chapter 4 
addressed some of these methodological concerns and refined the technique. Chapter 5 
comprises the repeatability studies on the measurement of stretch shortening cycle muscle 
function in both the lower and upper body musculature. 
Chapter 6 and Chapter 7 examined the relationship between musculotendinous sti'ffness 
and stretch shortening cycle performance in the lower body and upper body respectively. 
Chapter 8 provides a summary of the conclusions and theories regarding the stretch 
shortening cycle, and how musculotendinous stiffness relates to this component of 
dynamic muscle function. 
DEFINITION OF TERMS 
There has recently been an extensive debate on the correct nomenclature that most 
accurately describes muscle function (49). Three main types of muscle contractions 
namely concentric-, isometric- and eccentric contractions have generally been used to 










describe muscle function during movement (91). The main terminologies under question 
are "concentric", "eccentric" and "contractions" (49). Other names to describe these 
respective movements have been "shortening contractions" and "lengthening 
contractions" (49). The term concentric/shortening and eccentric/lengthening "muscle 
actions" as opposed to "contractions" has also been used (49). Even though the ability 
of the present terminology to correctly describe these different forms of muscle function 
has been queried (49), the action of the muscle and tendon during these movements 
remains the same. Therefore, even though it is a controversial and contentious topic at 
present, for the purpose of this review the terms "eccentric contraction", "isometric 
contraction" and "concentric contraction", as they have frequently been described, 
have been maintained to describe isolated muscle function. 
It is common knowledge that muscles can either decelerate or accelerate the body or body 
part (33). Concentric contractions occur when the muscle length shortens during 
contraction and the net muscle moment is in the same direction as the change in joint 
angle, resulting in acceleration of the body or body part (91). Isometric contractions occur 
when joint angles remain constant and no visible movement occurs. A consequence of an 
isometric contraction is that the body or body part is fixated or stabilised (91). When the 
force applied to the muscle is greater than the force which the muscle generates, the 
muscle will lengthen (107). Eccentric contractions occur when the muscle lengthens while 
contracting (93), and the net muscle moment is in the opposite direction to the change in 
joint angle (91). The muscles are actively recruited (93), and their function is to decelerate 
the body or body part (91). 
To develop specific training techniques and improve athletic performance, one needs to 
understand the specific mechanisms underlying dynamic muscle function (150). Muscle 
function during exercise or normal movement seldom involves pure forms of isolated 
eccentric, concentric or isometric contractions (93;95). Instead, movement is often 
characterised by a combination of these actions, particularly in situations involving impact 
or graVitational loading (93). During this situation there is cycling between eccentric and 
concentric contractions, with the concentric being preceded by eccentric action 
(36;91 ;92;95). 










During most sporting activities, the muscles are primed by a countermovement in the 
opposite direction, before the movement is initiated (18;22;42;137). A countermovement is 
a period of force reduction and deceleration immediately preceding an intended movement 
(159). The active muscles first have to absorb the momentum by eccentric contraction 
and then immediately follow it by a concentric contraction in the opposite, intended 
direction (132). This cyclic relationship is referred to as the "stretch shortening cycle" 
(SSe), also known as plyometric muscle action (17;22). In other words, the stretch 
shortening cycle describes muscle function where an eccentric contraction is immediately 
followed by a concentric contraction (30;64;100;101;136-138). This stretch shortening 
cycle forms a natural component of dynamic muscle"function (50;103;139). 
The stretch shortening cycle demonstrates significant improvements in muscle 
performance compared to isolated muscle function. This enhancement in performance 
has frequently been referred to as "potentiation" e.g. myoelectric "potentiation" or jump 
height "potentiation". For the remainder of this review, the term "potentiation" will 
represent the enhancement or improvement in the relevant performance parameter. 
STRETCH SHORTENING CYCLE 
INTRODUCTION 
The stretch shortening cycle results in increased muscle performance when compared to 
isolated concentric contractions performed without prior stretch 
(26;27;42;47;56;75;93;101;136-140). This is predominantly visible in an increased power 
output and improved mechanical efficiency (107). Hubley and Wells (78) demonstrated 
that countermovement (stretch shortening cycle) jumps performed greater work compared 
to static or squat (concentric) jumps. Pre-stretching active muscle increases the 
concentric work done, but more specifically improves the power output of the involved 
muscles, by reducing the time over which the work is performed (33). The major effect of 
eccentric pre-stretch on concentric performance potentiation therefore seems to rather be 
a greater power output than a greater amount of work performed (33). 
In essence, the eccentric phase of the stretch shortening cycle positively influences the 
subsequent concentric contraction, making it more powerful than an isolated concentric 










contraction (32;91;92;119;137;138). This power potentiation effect can clearly be seen 
when the force-velocity curve (95) and power-time curve of a stretch shortening cycle 
muscle action is compared with an isolated concentric contraction (156). In Figure 1, the 
power output in the concentric contraction in the rebound bench press, which utilises the 
stretch shortening cycle, is noticeably larger than the pure concentric bench press, which 
is an isolated form of concentric contraction. Walshe et al. (150) also found that when a 
squat was preceded by an active stretch, more work was performed over the initial 300 ms 
of the concentric movement. This finding seems to support the abovementioned results of 
Wilson et al. (156). 
0.0 0.1 0.2 0.3 OA 0.6 
Time (5) 
Fig ure 1: The mean instantaneous power output for the five most compliant subjects for the first 0.5 seconds 
of the concentric phase of the rebound bench press (RBP) and pure concentric bench press 
(peBP). Modified from 1M/son et a/. (156). 
Following the eccentric pre-stretch during a stretch shortening cycle movement, the force 
is already high at the beginning of the concentric movement (28). This leads to an 
increased acceleration of the mass to which the muscle is attached and thus also 
contributes to a greater power output (33). Bosco et al. (30) showed a 41 % increase in the 
force generated, and a 43% increase in power and hjgher jumps heights, when comparing 
countermovement jumps to squat jumps, which supports the abovementioned conclusion. 
This cyclic action of muscle function is a prerequisite for success in sports with explosive 
movements such as gymnastics, basketball, rugby and athletics to name but a few (149). 
Several training principles and treatments in sport rehabilitation and physiotherapy also 










utilise the principle that by eccentrically pre-stretching a muscle, its ensuing concentric 
contraction will be enhanced (139). This supports the importance and value of testing for 
the stretch shortening cycle and the effects of various training strategies, specific activities, 
fatigue and preceding muscle actions in the development or attenuation of stretch 
shortening cycle muscle function. 
ISOLATED MUSCLE FUNCTION 
Force and speed are influenced by the structure, mechanics and elastic characteristics of 
muscle (91). According to the well-characterized relationship between muscle force and 
the speed of contraction it is known that with increasing speed of shortening, muscle force 
output decreases exponentially (1 ;56;66;126;127). However, this is only true with 
concentric muscle contractions. During eccentric contractions, with increasing velocity of 
muscle lengthening, force output increases in a non-linear hyperbolic manner (1 ;127). An 
initial increase in force output up to a movement speed of about 90·.s-1 followed by a 
gradual decrease (68) or maintenance (66) in force output of the muscle has also been 
shown. The maximum force produced during eccentric contraction is significantly higher 
than the maximum force during a concentric contraction, and may even be twice as high 
as the maximum force generated during isometric contractions (1 ;34;95;124). 
Dietz et al. (41) clarify that a contracted muscle is capable of developing additional tension 
or force when it is forcibly stretched. Rack and Westbury (126) attribute this additional 
force to the distortion of the actin-myosin cross-bridges within the myofibrils. 
COMBINED MUSCLE FUNCTION 
Based on the abovementioned force-velocity relationships, the increased force output of 
the muscles during a high velocity eccentric contraction, followed by a reduced force 
output in a high velocity concentric contraction, increases the range of force applied to the 
muscle structures (66). The range of force can be defined as the change in force, or the 
difference between the maximum force generated during the eccentric contraction and the 
maximum force generated during the subsequent concentric contraction at measured peak 
velocity of contraction. 










In reality this increase in range of force can only occur by pre-stretching the muscle via 
eccentric contraction and following it with concentric contraction, as occurs during stretch 
shortening cycle movements. This change in force is also significantly more pronounced 
in faster as opposed to slower movement speeds (126). During eccentric contraction, 
force increases above maximal isometric force (1 ;33), and decreases rapidly into 
concentric contraction, thereby increasing the range and thus change in force (79) 
(Figure 2). The high eccentric force also leads to a significantly higher initial force of 
concentric contraction (79;139), which assists in acceleration of the mass or body (33). 
One should also note that due to the elastic ability of the muscle-tendon complex (MTC), 
the decrease in force in the first part of the concentric phase of a stretch shortening cycle 
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Figure 2: The force generated by pre-stretch (PS) is considerably higher than the force generated by pre-
isometric (PI) contractions. The relative decrease in force during the ensuing concentric 
contraction is greater for PS than PI conditions. Modified from Huijing (79). 
The range and decrease in force as discussed above, has an important role in stretch 
shortening cycle energy dynamics (151). 











During concentric work the muscle derives energy from two sources (i) chemical energy 
and (ii) mechanical energy. The chemical energy results from the metabolism of various 
substrates, and the elastic properties of the tissues supply mechanical energy. Many of 
the findings concerning energy dynamics are made on the basis that muscles are 
assumed to have elastic properties (33). 
Arampatzis et al. (5) indicate that there is an energy trade-off between muscles, tendons 
and ligaments during human movement. Coveney (39) proposes that the muscle-tendon 
complex, because of its capacity to generate, absorb and recover elastic energy, plays a 
major role in efficient and controlled movement. According to Alexander and Bennet-Clark 
(2), muscles, tendons and their skeletal support structures all have elastic properties. 
These properties play an integral part in the mechanical functioning of intact skeletal 
muscle (25). Bosco et al. (25) suggest that the right shift in the force-velocity curve (i.e. 
increased force at high velocities), when utilising the stretch shortening cycle compared to 
pure concentric contraction, reflects the storage and utilisation of elastic energy by the 
involved muscles. They also state that the involved muscles function like a spring, and 
that elastic energy restitution plays an important role in the dynamics of this type of muscle 
action. 
ECCEN"rRIC FORCE 
Energy storage occurs mainly during the eccentric deceleration phase (24). Eccentric 
contraction stores a significant amount of potential energy in the muscle-tendon complex 
when the series elastic components are stretched (36;139), and subsequent concentric 
contraction can partly recover this energy (33;74;89;134). However, the actual amount of 
elastic energy stored when muscles are stretched against a load is unknown (32). 
With most movements of an eccentric nature, the muscles contract to brake or decelerate 
the movement. The active muscles are forcibly stretched during this phase (12;60) and 
the resultant high forces which are produced, favour the storage of elastic strain- or 
potential energy in the muscle-tendon complex (17;20;33;36;92;93;131). Essentially, 
when a force stretches a spring, in this case the muscle-tendon complex, the work done by 
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30% 1RM PeBT 42::1: 16cm 
RBT 36±5cm 
45%1RM PeBT 25::1:6cm 
RBT 23::1:5cm 
60% 1RM PCBT 17±5cm 
RBT 13±3cm 
75% 1RM PCBT 9::t3cm 
RBT 8:1:2cm 
90% 1RM PeBT 5±3cm 
RBT 4±3cm 
Mean PCBT 27:1: 24 em 
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The testing position in the lower body procedure is specific to the jump tests used in the 
literature. Therefore the overall elastic contribution of the associated elements can be 
compared (151). Simila rly, it is reasonable to assume that the overall force developed in 
total body movements, e.g. in vertical jumps, relates to the average muscle tendon lengths 
(159). 
Equipment 
To measure musculotendinous stiffness of the lower extremities, this method uses a rigid 
metal structure that pivots freely on an Olympic bar tha.t is connected to a leg press device, 
designed specifically for this procedure (Figure 7). The stiffness system (rigid metal 
structure) is allowed to pivot freely on the Olympic bar. The horizontal bar can be loaded 
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Fiqure 7: A schematic representation of [he stiffness syslem and f)OSiliOr'ling for testing lower body 
stiffness. Modj{jed (rom Walshe and Wilson (149). 
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The following equation determines the damping coefficient c (1 ;151;153;155;156): 
Where natural frequency (fn) was calculated using the uation (149;151; 1 155; 156): 
= 
According to this test each subject is tested at various rcentages of maximum isometric 
leg i.e. 30, 40, 50, 60, and 70% of maximum. Figure 8 a resulting 
damped oscillation of a muscle-tendon 
properties human muscle. 
(32) val ted the oscillation technique 
a submaximal the 
which 
measuring musculotendinous 
of the muscle-tendon complex 
with increasi However, with increasing stiffness gradually forms 
a plateau 1 151 ;153;1 Using the inverse of stiffness, which is compliance, 
Kubo et al. (97;98;101) found a similar tendency. Using a different methodology, 
Kubo al. (97; 101) that the compliance of muscle-tendon complex 
reclsed, and almost became constant in the 50 - 100% of maximal voluntary 
contraction. They value the change in length, divided by the 
in a the 50% load, as a measure of the compliance of the tendon structures. 
The measurement maximal stiffness is important, as it can be inferred that the stiffness 
of the muscle approaches stiffness of the tendon, as the on the muscle-tendon 
comp (38;115;1 ;153). Shorten (132) that muscle ",lltlm.",,,, a:ODO;,'ars 
to be the main contributor to musculotendinous 
compliant tendon becomes the n contributor as the load 
the more 
This implies that 
with incremental loading the muscle stiffness increases and eventually equals or 
that the tendon, and that at high loads, the stiffness the system or muscle-tendon 
complex therefore represents of the more compliant (124), 










According to Cook and McDonagh (38), at full activation, which would be equivalent ~o 
maximal loading, the stiffness of muscle and tendon would be equal (115). Hence. the use 
of the oscillation techniq ue for determination of maximal stiHness can be seen as a 
representative measure of the average stiffness of the tendons of the involved muscle 
groups. 
Maximal musculotendinous stiffness, using the oscillation technique, is determined by the 
use of a downward exponential extrapolation, by ploNing the average stiffness per load 
i.e, at 30,40,50,60 and 70% of maximum and fitting it to the equation (149,151): 
Where a, band c are constants and the specific CUNe fit is determined by the leasl sum of 
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THE MODIFIED SMITH MACHINE 
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Figure 1: The design sketch lot the modified Smith machine. 
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The original design of the Smith machine, as made by Zest Manufacturing PTY (Ltd), 
Retreat. Cape Town, South Africa. used an adapted pulley-system to have linear tracking 
of the horizontal bar on the vertical shafts (Figures 2 and 3). 
Figure 2: Linear tracking uni( of Ihe originsl design SmIth mschine, as previolJsly msde by Z8s1 
manufacturing PTY(Ud) 
Figure 3: Pufley-.sys/em of the linear tracking unit of the original Smith machine design by Zest 
manufacJ.udng PTY(Ud.) 
The whole bar-collar unit originally weighed about 35 - 40 kilograms. For power testing 
purposes, this design had to be changed to make the bar-traCking unit lighter, as well as 
strong enough to be able to withstand heavy loads, 
Another factor that had to be taken into consideration in the design of the equipment was 
the resistance created by the pulley system, The linear tracking unit had to be able to 










travel vartically up and down the ch ramed steel shafts with no- or mi n imal frictiOrl , To 
achieve this the linear tracking unit need~d to move as close to {riction-{ree as possible 
and with no counterbalances (used by many manufacturers) so that neither resistance nor 
assistance could be given to the vertical forces and bar movement. 
In the first prototype of the original linear tracking units attached to the Olympic bar. we 
used a Vesconite linear tracking unit. This was initially used with the intehtion of red ucinQ 
the mass of the system. Vesconite is a self-lubricating polymer that would have reduced 
the mass of the linear tracking unit substantially and maintained a smooth surface with 
minimal friction. Unfortunately. this did nl)t work out as it created too much resistance, and 
In the final design, linear-bearings In a chromed steel housing were used 
(Figures 4 and S). 
Figure 4: The new design Iinear~bBarjng tracking unit with s/eel housmg in the early phases of production. 
Figure 5: The finsl chromed version of /helinear b6aring tracking-unit of/he modified Smifh m$chine. 
When testing the system, it was further found that the norma! rubber seals within the 
casing of the tracking unit created a vacuum effect. FOllowing an explosive movement 










when the bar was released, as well as during the (ailing phase when the bar returned to 
the individual catching it, the rubber seals kept on decelerating the bar At1er removing the 
rubber seals, the movement of the Olympic bar and linear tracking units were true and the 
unit moved up and down the shaft with minimal friction. 
Figure 6: The modified Smith machine s.l&nding 3 meters in heighl during Ihe early phases 01 produclion. 
The bar - tracking unit was designed for funclions other than just the oscillation technique 
and ballistic testing. Therefore the design could nol sacrifice too much of the integrity of 
the bar unit for reduction in mass of the system. The Olympic bar was made strong 
enough to hold very heavy loads for maximal static and dynamic strength testing while 
being light enough to perform ballistic testing. The effect'lve end-mass of the bar-linear-
tracking unit combination was 21.32 kg. This mass was confirmed on the force plate (to 
be described further on). During the trial to confirm the mass, two subjects were weighed 
without the bar in a stationary standing position . Each subject then placed the bar on the 










shoulders and maintained the load in a still standing position. The mass measured without 
the bar unit on the shoulders was subtracted from that of the bar-subject mass. The two 
readings confirmed e)tactly the same result. 
The Smith machine (Figures 1 and 6) was modified to stand three meters high so that 
proper ballistic testing could be performed. Chemical bolts to limit movement of the 
system and to further reduce the friction of the bearings on the shafts bolted the structure 
into the ground. This design catered for testing and training squat jumps, push-presses, 
plyometric bench presses and many other ballistic exercises. 
Other modifications were made for the purpose of both testing and training techniques. 
For example, top stoppers were added to the Smith machine (Figure 7). These were 
added tor the purpose of isometric and for functional isometric (52; 122) testing and 
training. Lower position stops were added as a standard protective mechanism (Figure 8). 
If the subject should fail at any time during e)tecution of a test or training repetition, the 
stoppers would prevent the bar unit from injuring the subject. Double-coiled metal springs 
were additionally placed on top of the stoppers as e~ra precaution, should the subject fail 
at a heavy load. 
Fig ure 7: Ona of the uppar or top stoppers for isomalric or functional isometric l~ting/trainill9. 










Figure 8: One of the lower stoppers with the double-.coiled sfJ(in9 as 8 fJtO/ec/ive mechanism (Dr ecoentric 
failure. 
Furthermore, an additional sound trigger mechanism (Figures 9 and 10) was attached on 
both an upper and lower position, This mechanism could be adjusted according to the 
individual and the type of measurement involved. ihe lower position is mainly used to 
standardise the bottom position of any jumps. presses or throws so that one can compare 
individuals and also compare concentric with stretch shortening cycle effects using the 
same range of motion and thus depth of movement. This can be applied in both upper 
and lower body tests and in training. 
Figure 9: The lower sound trigger used for indicating reversal of direction and standardising lhe range of 
movement during testing. 










The upper sound trigger was designed for use as a minimum height indicator that the 
subject had to achieve in a training session . It can also be used as a minimum height 
indicator (or fatigue studies, where the individual has to achieve a minimum height for each 
repetition to standardise the comparative results . 
Figure 10: The sound lrigg~r is connected via strt3tch-cord 108 very loud electronic bell. 
An additional extension at the base of the back support beam of the modified Smith 
machine allows the leg press seat section of the equipment to be attached for mal(imal 
isometric, functional leg press and oscillation tests by means of a pull-pin lock system 
(Figure 11), On the topside of the back support beam. another extension (Figure 12) 
allows the leg press unit to be locked down (or maximal isometric tests and for the shaft of 
the extra arm attachment (Figure 29) to slide through during the functional leg press. 
Figure 11: The leg press seat-section locks onto the modified Smith machine via a long Sh8ff. and pull-pin 
lock mechanism. 









wnFigure 12: The; lopsicie exfension of Ihe back support-beam. where the leg press unif is locked on(o Ihe 
modified Smijh machine for isometric leg press {ests. 
At the back of each of the upright supports of the modified Smith machine. a further 
ex1ensio" allows the leg press unit to be attached, also by means or a pull-pin lock system. 
Figure 13: The exlenSJ()n al1achmenl a/ /he back of Ihe upright supports of the modified Sml/h machine 
where the leg press unit is moun/ed. 
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One of these load cells were incorporated into each of the four corners of the force plate 
and a fifth load cell was used as a stand-alone system in the leg press unil 
The force plate rnetal box and M20 Allen-cap bolts for the load cells were also sponsored 
and made by Zest Manufacturing PTY(Ud). Because of the size of the force plate, 
i.e. 1.2 m )( 1.2 m x 0.108 m, the base plate and top plate "Were both made of solid steel 
and for increased stiffness were 10 mm thick. This made the force plate very heavy. The 
base (± 130 kg) was bolted onto the slab by means of chemical bolls to limit its vibration 
and movement (Figure 21). The load cells were also bolted on the base plate using 


























creating too much high frequency noise and even after filtering, the signal was not very 
pure. After having an electrical technician inspect the system, it was determined that the 
transmitter was the origin of all the noise. After bypassing the transmitter and re-routing 
the signal straight through the pre-amplifier, it was found that althoug h the signal was 
much clearer, the system was overheating and that the amplifier would not be able to 
maintain this voltage input for prolonged periods. It was then decided to try and find a 
standard strain-gauge pre-amplifier that would be able to drive the system without 
overheating and not have to run the amplified signal through a transmitter. After various 
searches. a strain gauge amplifier and compatible PC-board was found through 
RS Components International PTY(Ltd.), Montague G~rdens, Cape Town, South Africa. 
We built up the PC-board and then tested it on the system (Figure 23). It tested positively 
ajjowing us to move to the next phase of testing the equipment. This will be e~lained 
later on in the chapter. 
The technical specifications of the strain gauge amplifiers used, are as fo II O\M5: 
200 INs (max:) 
0.5 IJVrC(lemp), 
0.3 IJV/monlh(lime). 3INN(suppty) 
>5 M" 
450 kHz (unity gain) 
:t: Va - 2V 
5 rnA 
3 10 60 000 adjustable 
> 120 dB 
> 120 dB 
20 "tJvrc 
12 rnA (max) 
o.sw 
Once the base, junction/summation box and strain gauge amplifier were complete, 
connected and the load cells zeroed, the top plate was bolted directly onto the load cellS. 
Si)' sets ofM10 tapped hole pairs were made on the top plate. These holes were made so 










that the bench press bench could be bolted onto the top plate of the force plate at three 
different seNings, depending on the size and morphology of the subject being tested. 
Figure 23: The /1No RS Componenls Inlernalional slrain gauge amplifiers used for lhe force pia Ie and leg 
press unils moun led on PC-boards. 
Figure 24: The final force plale wilh Ihe lop plale bolted onto /he load cells with covnlersunk Allen-cap bolls, 
logelher with !he equipment boiled onlo the slab. Also visibl8 are !he si:< s81s 01 MfO lapped-hole 
pairs 
THE LEG PRESS UNIT 
The original design of the equipment used by Walshe et al. (151). had a leg press unit 
attached to the Olympic bar by a clamp mechanism. This allowed the unil to rotate with 
the bar in its sleeve. We decided that this structure needed to be able 10 function on its 
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The leg press unit (Figures 25 and 26) was therefore designed to attach to the modified 
Smith machine at the previously mentioned extensions at the back of the vertical upright 
supports with the ability to be adjusted up or down, depending on individual morphology 
(Figure 26). A solid steel bar with Oilon self-lubricating bushing allowed free rotation of the 
entire leg press unit along the sagittal plane and connected the two extensions of the 
vertical supports on the modified Smith machine (Figure 26), This solid bar thus allows the 
leg press unit to rotate through the centre space of the modified Smith machine. 
The leg press unit (Figures 25 and 26) consists of wo separate subsections, which are 
connected by means of another solid steel bar and Oilon bushing system at the pivot point 
between the two vertical armS of the relative subsections (Figure 27). The only thing 
I<eeping the two vertical arms of the relative subsections from pressing together in the 
sagittal plane is a two tonne capacity RSS type load cell (Route industrial automation, 
Johannesburg, South Africa), which is bolted onto the system by means of two locl<-tight 
Allen-cap bolts (Figure 28). 
Figure 27: The pivot point of the verlice/ 8rms of the liND subsecliOrls of the Jeg press unit. 
Figure 28: Yhe RSS-type loed cel! between the two venicaJ arms of the leg press unil measures lhe 
compressive force between the fINo arms 
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Figure 30~ The leg press unil/ocked ontD the back. SUf){Jort~b8am Df the modified Smit~m8chirJe by f7'1e8ns 
of the exira arm attachment. 
During the oscillation technique. the leg press unit moves freely without any stoppers. with 
the subject ca rryi ng the entire load d u rJ ng the tesL A leg press seat-section that ca n be 
incorporated onto the system was also designed for the leg press unit 
LEG PRESS SEAT SECTION 
A reclined leg press seat was designed in a shape that can be adjusted to a position t'hat 
can simulate a squat position and movement without the same loading on. or risk of 
injuring. the back. The backrest was also designed to be adjusted up or down depending 
on the test performed (Fig u re 31). 
Figu~ 31: ihe leg press se81-secfiorJ with 8djustable b8ckresl and shoulder padS. 










Shoulder stoppers were also added to stabilise and prevent slippage of the body when 
loaded. These shoulder pads can also be adjusted according to individual morphological 
differences. Additional Velcro straps were incorporated to stabilise the torso, support the 
lower back and isolate the hips and leg musculatufe (Figufe ~2), 
Figure 32: The Velcrc;.-sftBps ~re used 10 stabilise and suPtJOrtlhe lower back and hips and isolale Ihe legs 
and hips lor lesling 
The seat section can further attach to the modified Smith machine base support-beam as 
previously mentioned by means of a pull-pin lock system. The leg press seat can be 
moved either closer or further away from the leg press unit depending on the test 
performed, individual leg length and hip~ and knee angle requirements. The leg press 
seat-section moves ovef the top plate of the force plate and connects via a long shaft to 
the base support beam (Figure 11). 
BENCH PRESS BENCH 
The bench press bench is standard and conforms to international criteria, It has however 
an additional feature of being able to function as an incline bench by adjusting the back 
support upwards, or as a normal flat bench by leaving the back support down on the 
bottom position (Figure 33). This is however a common featufe of numerous bench-press 
benches. 









wnFigure .13: rhe 8djuslable bench press bench used (or upper body !es/ing, 
Specific bolts were made so that the bench can be bolted down onto the force plate, 
specifically (or upper body testing. These bolts preve nted late ral or multidirectional 
movemenUinfluence. and reduced the noise created by the bench vibrating and moving on 
the force plafe top plate (Figure 34). 
Fi 9 u re 3.4: The sdjusll3ble bench press bench boiled down onto !he (orce plate Lo limit movement 
arle{acl and increlJse accuracy of measure. 
The stiffest and hardest Gym equipment upholstery available were chosen as padding 
materials (or the leg press seat and bench press bench. This material was chosen to 
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The scaling factor for the leg press unit using the above mentioned equation was 
calculated as: 
Y (Force in Newton) = 1956.2 X (Voltage in VoJts) + 5.531 
The results o( the regression analysis are represented in the following table: 
Parameter Expected value Standard error Lower Upper 
95% CI 95% CI 
Slope 1956.2 3.372 1948.7 1963.7 
Y intercept 5.531 2.399 0.1856 10.878 
X intercept -0.002827 
The mass of the leg press unit was measured on a construction scale as being 4S kg. 
However, because the unit is pin-locked onto the modified Smith machine and funclions as 
a pendulum, its effective mass was different. Therefore using a scaling factor, the 
effective mass of the leg press unit was measured by holding the unloaded leg press unit 
in a stationary position and measuring the compressive mass on the load cell. The leg 
press unit was calculated as having an unloaded mass of 34.6 kg. 
A similar process ot calibration was performed on the (orce plate. The load celis of the 
force plate were zeroed before the top plate was bolted down and then a similar load-
voltage relationship \NaS determined using twelve different loads. A relationship of 
approximately 1.25 mV per kilogram (or 1.25 mV per 9.81 Newton) was calculated. Using 
the same statistical software, a linear regression analysis revealed a correlation coefficient 
of r = 0.9999 and P-value < 0.0001. also confirming a near perfect linear relationship. 
The scaling factor (or the force plate using the above mentioned equation was calculated 
as: 
Y (Force in Newton) = 7638_1 X (Voltage in Volts) + 19,036 
The results o( the regression analysis are represented in the following table: 
Parameter Expected value Standard error Lower Upper 
95% CI 95%CI 
Slope 7638.1 24.462 7583.6 7692.6 
Y intercept 19.036 6.737 4.026 34.047 
X intercept -0.002.492 
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::t 95" in the hip were chosen as the starting position of the leg press. The incline of Ihe 
backrest was set at 140" or at a 40" incline. A goniometer was used to control the join I 
angles (Figure 39). 
Figure 39: A gc>njome/~f Ihal is used for m&&SUrGJmdfl/ of joini 8flg1es. 
The arm attachment (Figure 29) was pir.-Iocked at the top setting of the leg press unit 
(Figure 30) thereby using the shaft as a protective stopper mechanism against muscle 
failure. For the 1 RM test. the subject was instructed to press the load up until the legs 
were straight and then to control the load back to the starting position. During th is 
procedure, the subject was strapped down at the hips using the Velcro~straps (Figure 32) 
to isolate the legs and protect and support the back. Arms were folded across the chest to 
remove additional assistance from the arms and back in the movement. 
THE FUNCTIONAL 1RM REBOUND BENCH PRESS TEST 
For this test the bench press bench was bolted onto the force plate (Figure 34). The 
subject lay flat on the back with the (eet lifted and resting On the edge of the bench. The 
subject was set up so that the bar of the modified Smith machine moved in the line of the 
nipples or ± 2 - 3 cm superior to the xyphoid process of the sternum. The subject was then 
stabilised on the bench by strapping the lower back. down onto the bench press bench 
using one of the Velcro-straps (shown in Figure 32). The other Velcro-strap was used as a 
limiting strap around the upper chest area to prevent the lifting of the chest. This slrap 
was however not strapped on too tightly and therefore does not limit chest e:xpansion 
during maximal inspiration. 
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rebound bench press of 70 kg and above. Individuals with a lesser 1 RM would have to be 
excluded due to having too few data pOints to accurately measure their line of best fil. 
In previous stUdies uSing this technique, the bar was lowered to ± 3 cm above the chest 
and held for:!: 0,6 seconds before the perturbation was performed (155). We found {hat 
this specific angle was unstable and that the subjects we initially tested could not maintain 
most loads sufficiently during the perturbation. We therefore changed the position of 
holding the bar to a standardised 90" arm angle with the upper arms ± 900 abducted. We 
found this position to be more stable with more (epeatable results (Figure 40). 
Figure 40: rile posifio/Jing {or the oscillation lesl of the upper exlremilies. Nole 81so Ihe Velcro-slr8ps for 
slabflisalion and position of perturbation. 
Before every load was measured. we again controlled the angle at which the bar was held 
to confirm the accuracy of measure. We (ound throug h trial and error that there were other 
factors that needed to be controlled. For example: 
• The subject must lower the bar slowly to the position and hold still for ± 0.6 
seconds before the perturbation - this removes any natural oscillation from 
occu rring before the perturbation. 
• The subject must maintain a deep breath and hold it to remain as still as 
possible during the holding and perturbation phases. 
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wnFigure 42: This figure shows how the perturbation was performed on the loading arms of the leg pless uni/. 
The same procedure for analysts and exclusion criteria were used for the lower body test. 
as previously described for the upper body test. After we performed repeated lests on 
three subjects, we plotted their initial test results versus their second test results to 
ascertain the linearity of the relationship. An example of one of the subjects' data 
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Figure ~: Graphjcal plot showjng the repeafsbjli/y of stiffness measurements between two /dais lor one of 
the subjects used in pilot test mg. 



































































THE COUNTERMOVEMENT JUMP TEST 
The same control measures were used as described in the methods for the squat jump 
test. However, during the squat jump test the sound trigger was not switched on. For this 
test. the sound trigger is switched on and the subject sta rls from an upright standing 
position. The subjects had to drop down as fast as possible and when they heard the 
sound trigger reverse their direction of movement and jump as high as possible. The 
trigger was set at ± 95°, so by the time they reversed direction they should have reached 
± 90°. This method, controls the depth of the starting position for both the squat and 
countermovement jumps and ensures that their range of motion are the same. The logic 
behind this control of the squat and countermovement jumps was to make the comparison 
between the two conditions more interpretable. 
Figure 44: A front view of a subject during the jumping phass of a squal jump 
THE PURE CONCENTRIC BENCH THROW TEST 
The same set-up and positioning as described for both the 1 RM rebound bench press and 
the oscillation test for the upper body extremities was performed during (he pure 
concentric bench throws (Figure 45). The sound trigger was also set up as for the 1 RM 
rebound bench press test. However, another marker was set on the housing of the linear 










bearing tracking-unit, which indicates the lower position of ± 3 cm above the chest. For 
this test, the subject was instructed to lower the bar to the set position. to hold for 
± 1 second and then on command to push and throw the bar as high as possible. The 
subject was also instructed to catch the bar with straight arms, before absorbing the load. 
The normal safety precautions i.e. the lower stoppers to prevent injury in the event of 
missing the bar or not being able to control it down were included. Once again, if there 
was evidence of any countermovement. the trial was not used and had to be repeated. 
Figure 45: A subject after just having released the bar during a pure concan/ric bench lhrow. 
THE REBOUND BENCH THROW TEST 
The lower sound trigger was set up as previously described, to standardise the lower 
position of the 1 RM rebound bench throw lest. The sound trigger was set to signal 
reversal of direction when the bar was ± 6 cm (rom the chest. This gave the subject 
enough time to react and reverse the direction of push within ± 3 cm. The subject had to 
quickly lower the bar until the sound trigger was heard. He/she then had to reverse the 
direction of movement, push and throw the bar as high as possible before catching it again 
as previously described. 
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Lower 1 13.5 :1:0.6 16.8:1: 0.7 19.6 :1:0.6 22.1 :1:0.6 24.2 :1:0.5 29.0 ± 0.3 1.2 
Lower 2 9.1:1: 1.5 11.9:1:1.7 14.6:1: 1.6 17.2:1:1.4 19.8:1: 1.1 27.0 ± 0.9 3.4 
Lower 3 12.9:1:1.5 16.0 ± 1.6 18.8:1: 1.7 21.1:1: 1.6 23.1 :I: 1.5 27.7 ± 1.1 4.0 
Lower 4 17.0:1: 0.7 21.0 ±0.8 24.3 :1:0.5 27.2 :1:0.4 29.6 ±0.2 34.8 ± 0.5 1.4 
LowerS 18.0:1: 0.5 21.9:1: 0.6 25.0 :1:0.7 27.6 :1:0.9 29.7:1:1.0 33.8 ± 1.4 4.0 
Lower 6 17.1 :1:0.9 21.4 ±0.7 25.1:1: 0.5 28.4 :1:0.5 31.2:1: 0.7 37.7::t 2.2 5.8 
Lower 7 17.3 :t 2.0 20.7:t 1.6 23.5:t 0.9 25.7 :1:0.1 27.4 :to.9 31.1 ± 3.6 11.6 
Lower 8 6.0 :to.4 7.9 :to.5 9.6:t 0.6 11.3:t 0.8 13.0:t 1.0 17.5 ± 1.9 11.3 
Lower 9 22.0:t 1.3 26.0:t 1.0 29.2:t 0.6 31.5:t 0.3 33.3:t 0.3 . 36.5 ± 1.2 3.3 
Lower 10 19.0 :t 2.1 22.6 :t 1.8 25.3:t 1.4 27.4 :t 0.9 29.0 :to.6 31.9±1.1 3.5 
tt .... :.c.c. was R ::: 






















2 1.07 18 1.73 0.62 
2 1.12 18 1.46 0.77 
2 1.25 18 1.0 1.26 
2 1.70 18 0.66 2.59 
2 2.27 18 0.59 3.84 
2 3.49 18 2.78 1.25 
contraction 
test in 
:...:..:..="""'-=r....:... 25.72 l:!!!J~~~~: 25.78 
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The general tendency of the stiffness-load CUNe of the series elastic elements of muscle 
and tendon followed the classic cUNilinear model, which was also found in earlier studies 
(151;153;156} (Figure 2). The average maximal stiffness of the lotal group was 
30.7 ± 5.9 kN.m-1 . 
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(n = 10) 
O~Tn~~~~~~Tn~~~~~~~~Tn~~ 
o 10 20 30 40 50 60 70 80 90 100 
0/0 load 
(Maximum voluntary contraction) 
Figure 2: rile curvilinear relbtionship betv.leen musculotendinous stiffness and load (n = 10). Values are 
expressed as X ± SD. 
The frequency of oscillation decreased as the load on the muscle-tendon complex 
increased (Table 6, Figure 3). The mean damped natural frequency of oscillation varied 
between 1.79 and 2.06 Hz over the various loading conditions (Table 6). 
Table 6: The Bver~ge damped nalural frequency dela 81 llle rsie{iv8 loads using (he NAMS unit In :. 10 I{ 6 
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u o 1.7 
1.6 
Damped natural frequency of 
oscillation vs % MVC 
(n = 10) 
(r==1.00) 
1 . 5 ~....,...... .......... .....,....,~....---~..,.....--.--.....-,~~.--,--'r'"Y'"~ 
20 JO 60 70 80 
% i\Aa)( im u m 'Volu nta rv contract ion 
Figu,e 3: Relalionshl{> bef\veen %MVC and o.sclfla/lon freQuency (Hz) (n = 10 x 6 lrif) Is pef load). 
There was a significant relationship (r = 0.91, P < 0,0002) between the MVC and maximal 
stiffness (Figure 4) 
50 
U) 
g '7- 40 
c E 
u z 
~ ~ 30 
C ~ 
::J a> 20 
~ tE 
:J -
~ Ul 10 
Maximal stiffness vs MVC 
(n = 10) 
(r = 0.91) 
O~~TT"rr~~~~~~~~~~~ 
o 1 00 200 300 400 500 
Maximum voluntarv contraction (kg) 
Fig ure 4: Relationship between maximum volu()lery con/raclion (MVC) and m£Jximal musculo/endinous 
stiffness (n = 10) 










After demonstrating that the musculotend inous stiffness data were repeatable , and in an 
attempt to con firm, strengthen and solidify any relationships thai were identified , we 
Included data from an additional 20 subjects tested in earlier pilot studies (Tables 7 and 8) 
(71:143). The ir combined persona l characteristics are represented In the following table 
(Table 7). 
T<1ble 7: Personsl charactedstics of the enlarged sub/ect group (n '" 30). 
AGE HEIGHT (em) .... SS SUItI OF " BODY LEAN BODY MVC(kg}r> 
(yrs) , .. , SK/NFOLDS FAT MASS ( /(g) 
(mm) 
25.' 119.0 79.7 70.0 14.6 68.1 270 
t 3.4 ". t 11 1 t 15.9 , " t 9.3 " (0) Maximum \otlIuntary C'MIrac1ion 
A similar relationship between maximal musculotendinous stiffness and MVC occurred for 
this enlarged group of subjects (r = 0.84, P < 0.0001 ) (Figure 5) . 
60 
~ .... - 50 
.~ 'E 
'" z 40 " .x " -- '" 30 .ll '" " " u if .. 20 
" -~ '" 10 
0 
0 
Maximal stiffness vs MVC 
(n = 30) 
• • 
• 
• • • • •• 
• • 
(r = 0.84) 
100 200 300 400 
Maximal voluntary contraction (kg) 
500 
Figure 5: Relationship between maxunum voluntary contraction (1f9) and maJIima/ musculotandmous 
stiffness (n s 30) 
Tab le 8 represents the combined larger group stiffness data (n = 30) at all the relative 
loads for each ind ividual. 










JG 7.7 10.0 12.1 14.1 16.1 21.2 
JJ 9.1 11.5 13.7 15.7 17.4 21.6 
JGR 13.8 17.3 20.4 23.0 25.4 30.7 
JR 10.3 12.7 14.8 16.5 17.9 21.1 
.IRO 7.5 9.3 11.0 12.4 13.7 16.5 
JM 8.9 11.6 14.1 16.5 18.8 25.0 
JGM 7.9 10.2 12.4 14.6 16.6 22.0 
·JA 10.5 12.7 14.5 16.0 17.1 19.4 
JAN 12.0 15.5 19.0 22.2 25.3 33.5 
JGB 7.4 9.7 11.8 13.8 15.8 21.1 
,ILE 16.9 21.8 26.4 30.7 34.7 45.2 
JW 13.3 16.7 19.7 22.3 24.5 29.7 
JB 18.2 22.7 26.6 30.0 32.9 39.5 
JS 12.7 16.0 18.9 21.4 23.7 28.9 
JP 18.5 23.7 28.3 32.5 36.4 46.0 
CAT2 8.5 11.1 13.6 15.9 18.2 24.5 
CAT3 9.1 11.8 14.4 16.9 19.2 25.6 
CATS 12.9 16.0 18.7 21.0 23.0 27.4 
CAn 15.6 20.0 24.0 27.7 31.1 39.7 
CATi0 12.0 15.4 18.7 21.7 24.5 31.9 
CATii 11.2 14.0 16.5 18.6 20.5 24.9 
CAT8 11.8 15.2 18.5 21.5 24.4 32.0 
CATi2 5.8 7.5 9.1 10.7 12.1 16.0 
CATiS 15.4 18.3 20.5 22.1 23.4 25.6 
CATS 9.1 11.4 13.4 15.3 16.8 20.6 
CATi3 12.6 16.3 19.8 23.2 26.4 34.9 
CATiS 8.1 10.5 12.9 15.1 17.3 23.2 
CATi7 10.0 12.6 14.8 16.8 18.6 22.7 
CATiS 15.6 18.7 21.1 23.0 24.5 27.2 
CATi9 11.3 14.3 16.9 21.4 26.5 
CAT20 14.7 182 21.1 23.5 25.6 30.0 
Lower 1 13.5 16.8 19.6 22.1 24.2 29.0 
Lower 2 9.1 11.9 14.6 17.2 19.8 27.0 
Lower 3 12.9 16.1 18.8 21.1 23.1 27.6 
Lower 4 17.0 21.0 24.3 27.2 29.6 34.8 
LowerS 18.0 21.9 25.1 27.6 29.7 33.8 
Lower 6 17.1 21.4 25.1 28.4 31.2 37.7 
Lower 7 17.3 20.7 23.5 25.6 27.4 31.1 
LowerS 6.0 7.9 9.6 11.3 13.0 17.5 
Lower 9 22.0 26.1 29.2 31.5 33.3 36.5 
Lower 10 19.1 22.6 25.3 27.4 29.0 31.9 
were 
more 
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When comparing the stiff group versus the compliant group, it was evident that there was 
a trend towards the stiffer group (83.3 ± 10.4 kg) being heavier than the compliant group 
(76.9 ± 12.2 kg). This difference was however not statistically significant (p < 0.14) . 
These findings suggest that both body mass and MVC need to be controlled before 
stiffness measurement can be compared between subjects. In accordance with this, we 
compensated for the magnitude of the load by creating an index or ratio. which would 
normalize the effect of MVC on stiffness. The maximal stiffness values (N.m"') were 
divided by the respective individual's MVC (kg) to create the relative stiffness index 
(N.m"'.kg"'). A weak, but significant relationship (r = "0.41. P < 0.02) was found between 
this relative stiffness index and the subjects' MVC (Figure 8). Only 17% of the variance in 
the stiffness index could be explained by the individual's MVC. 
200 
'" .g _- 150 






Stiffness Index vs MVC 
(n = 30) 
• 
• • 




100 200 300 400 500 
IIItIximal voluntary contraction (kg) 
Figure 8: Relationship between stiffness index (normalized for loed) end MVC (n = 30). 
In an attempt to reduce the effect of MVC on stiffness even more, another normalized 
stiffness index was derived, by dividing the absolute maximal musculotendinous stiffness 
(kN.m"') by a unit-less strength/mass ratio (MVC (kg)/body mass (kg)). There was no 
relationship between this normalized stiffness index and MVC (Figure 9) (r = 0.10, 
P < 0.59). It is clear from Figure 9 that the relationship between stiffness and MVC is 










r1egated , by r10rmalizing ma)l'imal stiffness for the strenglh/mass ratio. This was further 
conf,rmed. as the normalised stiffness index of Ihe st iff group (9.06 .!: 1.42 kN.m·') was 1101 
different from the compliant gfOVP (8 ,01 :I: 1.83 kN.m·') (p < 0 .09). 
Stiffness index (final) vs MVC 
(n = 30) 
5"""'" ' ..... ' a ((M .. ;mOl UIln ... ~(M VCIfIM\1 - 15 , 
E • z • 
~ • • 10 • • • • . .:" ~ • ,,, .. . •• C • ~ . • • • 5 • • 
€ -m 
0 
0 100 200 300 400 500 
Maximum voluntary contraction (kg) 
Fio",. e: FI.ralicN;l>ir:; berw"n sliffness indaJl (kN.m·') and MVC (kg), ThlJ slifflll!ss /n(JtJx was calculated 
by dividing m'JI;,n~ sJiffness (kN m") by the s/re"9lWmaSS ratIO (MVC (kflJ;body mass (kg», 
DISCUSSION 
ThiS first main finding of this Study was thai the calculation of the elastic stiffness of the 
musculotendin.ous complex arod tendons of the tower body mUSCulature was repealable 
This conclusion can be made based on the high intra-class correla tion coeHkients for the 
stiffness and low coefficients of variat ion betwee n the various measurements conducted 
on ten sub;ects on J different occasions (Table 3). The find ing for maximal stiffness 
(R " 0 ,97 and CV • 4.9) was similar to the reliability determined using a similar piece of 
equipment (lSI). Walshe et 41 1. (t51) found an intra-class correlation coefficient of 
R " 0 .94 and a coefficien t of var iat ion of 8% on their appara tus. The average Sliffness in 
this study (28.3 :t 7.3 kN.m"'. ranging from 16.0 - 46.0 kN .m·') was higher than that 
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± 3.7 ± 7.9 ±8.6 ± 22.5 ±4.0 ±6.8 ± 13.9 
Rebound Bench Press 
a 
was a was 
ensure 
as 
on a was r.o ... .o,," 















TESTING FOR 'rHE REBOUND BENCH 
measure a 































anns were 10C:Ke!c ,..,n.--.. """ 














was on was 
as a as it was was or 






1 5.7 ± 0.3 7.1 ±O.2 8.3 ± 0.3 9.4± 0.5 10.4 ± 0.8 12.6 ± 1.9 14.8 
2 6.7 ±0.3 8.5 ±0.2 10.1 ±0.1 11.5 ± 0.4 12.8 ± 0.7 15.9±1.8 11.3 
3 8.0 ± 0.9 9.9 ± 1.0 11.4 ± 1.2 12.8 ± 1.3 13.9± 1.4 16.3±1.9 11.5 
4 7.4 ± 0.6 8.6 ±0.8 9.5 ± 1.0 10.2 ± 1.2 10.7 ± 1.4 11.5 ± 1.7 15.0 
5 8.0 ± 0.5 9.7 ± 0.4 11.1 ± 0.3 12.3 ± 0.3 13.2 ± 0.5 15.1 ± 1.2 7.8 
6 8.2 ± 0.8 9.8 ± 0.8 11.1 ± 0.8 12.2 ± 0.8 13.0 ± 0.8 14.6 ± 0.7 5.0 
7 5.9 ± 0.2 7.1 ± 0.2 8.0 ± 0.1 8.8 ± 0.1 9.4 ± 0.2 10.5 ± 0.5 4.6 
9 7.7±0.1 9.3 ± 0.3 10.5 ± 0.6 11.5 ± 1.0 12.3 ± 1.4 13.8 ± 2.4 17.1 
10 5.0 ± 0.1 6.6 ± 0.1 8.2 ± 0.1 9.7 ±O.O 11.2 ± 0.1 15.5 ± 0.7 4.2 
Mean 










was R = = 1 1 
11 ). 
-=-===-...::...::..::. Re~:>eatabilftV measures = 
Coefficient 
MTC 0.94 5.7 
MTC 0.94 4.8 
MTC 0.93 4.7 
MTC 0.91 5.5 
MTC 0.88 6.7 
MTC 0.81 10.1 
were no 
measures 1 
of variance in test = 
Variable dfeffect MSeffect dferror MSerror F 
MTC 2 0.22 16 0.25 0.87 0.44 
MTC 2 0.31 16 0.29 1.07 0.37 
MTC 2 0.38 16 0.39 0.98 0.40 
MTC 2 0.41 16 0.58 0.70 0.51 
MTC 2 0.39 16 0.91 0.43 0.66 
MTC 2 0.24 16 2.63 0.09 0.91 
a 
6 ± 
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Damped natural frequency of 
oscillation vs % RBP 
(n = 9) 
(r = 0.99) 
30 40 50 60 70 80 
% Rebound bench press (RBP) 
Figure 12: Relalionship between % MVC, as defjned by % rebound bench press (RBP), and 
osci/JaUon frequency (Hz) (n = 9 x 6 lriais per load). 
A weak, hon-signi(icant (r = 0.47. p < 0.2) relatiOhship occurred betvveen maximum 
voluntary contraction (defined by RBP) of the upper body and ma)(imal musculotendinous 
















Maximal stiffness vs RBP 
(n = 9) 
• • • • • • • • 
• 
(r = 0.47) 
70 80 90 100 110 120 
Rebound bench press (kg) 
(RBP) 
Figure 13: R~/aUonshjJ) b~tween maximum voluntary contr~clion of Ihe upper body defined by Ihe rebound 
beflch press (kg) and maximal MTC stiffness (n .. 9). 










Body mass was also compared with maximal upper body strength, to determine if body 














Body mass vs RBP 
(n == 9) 
• 
• • • • • • 
• 
• 
I ( i 
70 80 90 100 110 120 
Rebound bench pr&S$ (kg) 
Figur.1! 14: Relalionship befINedn maximvm voluntary contrac/Jon of the upf;>er body delined by the rebound 
bench press (kg) 8nd body mass (kg) (n = 9). 
There was a weak (r :: 0.54). non-significant relationship (p < 0.13) between the body 
mass of the subject and upper body strength (Figure 14). 
Although there was no significant relationship between stiffness and load (Figure 13). we 
compensated for load as it does influence stiffness. however insignificant (refer to 
formulae (a) - (e). p 132 - 133). This nitial stiffness index vs. rebound bench press is 
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Stiffness indelt' vs RBP 
(n==9) 
• 
• • • • • • • • 
(r = -0.52) 
O~~~~~~~rr~~~~~~ 
60 70 80 90 100 110 120 
Rebound bench press (kg) 
figure 15: Relalionship between Ihe stiffness index (norm8liuw for load) and maximum voluntary 
cOI'IIf8clion of Ihe u{)~r body (n = 9), 










As with the lower body test, this index did not seem to fit the criteria of compensating for 
the most important variables. There seemed to be a trend (p < 0.16) between the road 
and stiffness index (N.m-'.kg- 1) so we attempted the second version of stiHness index 
(kN .m-\ by compensating for the relative strength of the individual. As for the lower body, 
the maximal strength value (rebound bench press) was divided by the body mass o( the 
individual to obtain the ratio of strength relative to body mass. The maximal 
musc.ulotendinous stiffness values were then normalised by dividing them by the relative 












;f 5 -CI) 
0 
60 
Stiffness index (final) vs RBP 
(n = 9) 
3M". ... jodu = ((lhdm.1 s '/men YI.Q8PJeM)\ 
• 
• • ••• 
• • 
• 
70 80 90 1 00 11 0 1 20 
Rebound bench press (kg) 
Figure 16: Relationship b6twEi9n stfffn9SS index (kN.m"') and maximum volunlary con/rae/ion (kg) oflhe 
ufJper body. The stiffness index was calculaled by dividing Ihs maximal sliffness (kN.m· i ) by Ihe 
strength/mass ratio (RBP (kg) / body mass (kg)). 
DISCUSSION 
The first finding of this study was that the stiffness values of the upper body (Tables 10 
and 11) are more variable throughout the ranges of submaximal loads than in the lower 
body tests (Tables 2 and 3). Furthermore, the heavier the load. the more variable the 
measure of musculotendinous stiffness became (Table 11), which also supports the 
findings of Wilson et al. (153: 1 56). 
The maximal musculotendinous stiffness values (14.0 ± 2.0 kN .m·') in this study were 
comparable with those values found in previous research using a similar testing protocol. 
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Stiffn ess -load relationship 
• Raw sliffne.ss Value:s. 
- - - - - - Downward expor1ftntia/ aSSlOciM;on (R'J=().987) 
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.----- Downward exponential association 
-- Boltzmann sigmoid equation 
_--.------- ________ ------- ---.--- -- -- ------··27.7 
.-- 24.9 
O~~~~~~~~~~ .. no .. ~ .. no .. noTnnrn 
o 100 200 300 400 500 600 700 800 9001000 
Load (kg) 
Fig u re f; A - Shows the fina Of b6sl fjJ using Mlh Ihe dOwnward 8xponential association and Boltzmann 
.sigmoid equalions on Ih(;) raw dala 018 lhaorelicalsubjecl. B - ShoWs. (he same CUNe fils of Ihe 
dell/ical dsls d)drspolalad to 8 ma'Ximum plateau. 
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The modified oscillation technique presented a diverse range of maximal and 5ubmaX'imal 
stiffness measures amongst subjects. The data are tabulated in Table 2 and are 
graphically represented in Figure 2. Figure 2 also shows that predicted maximal sliffness 
does not seem to be related to its corresponding extrapolated maximal load. 
















maximal predicfed stiffness of the subjects. (n = 12) 
70kg 100kg 1~k9 
12.3 19.0 22.9 
1304 18.3 21.4 
13.4 191 21.6 
11.0 101 20.9 
9.B lJ.e 15,4 
12.0 15.7 \ 74 
15.5 19.0 2:2.5 
10,2 19,9 2:2,6 
9,0 14.e 207 
167 189 22.1 
16.S 17.3 t9.7 
13,5 19.0 20.0 
12.8 17.6 2D.6 





III 30 I/j 
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160kg 190kg 220kg 
25.5 19.5 31 9 
22.0 2"3.7 20.2 
21.B Z37 2'1. \ 
2204 23.S 27.3 




2,2,8 28.2 27,1 
25.0 26.4 29.1 
24.8 27.6 28.4 
2S.J 29.3 3(;.8 
23,1 25.4 Z7.9 




mod ified protocol 
200 300 400 500 
Load (kg) 
600 





297 t97 34.4 








28.9 Z7.2 32.3 
t-J.1 t-J.S ~4A 
700 
figure 2: The musculotendinous stiffness data of the subjects at absolule 108ds and exlrapoJ/Jled 10 lheir 
predicled mf)ximal S/iffness using Ihe Boltzmann sigmoid equiJlion ((I" 12). 










Figure 3 show the graph of maximal- or tendon stiffness and the maximum load obtained 
during the test and confirms that there was no relationship between these variables 















• • • • • • • 
• 
• .... . 
C1) 20 
10~~~~~~~~~~~ 
100 150 200 250 300 350 
Max load 
Figure ,l: The r61alionship between maximal altendon stiffness and [he maximal load obtained (n = 12), 
The general tendency o( the stiffness-load curve o( the series elastic elements of muscle 
and tendon (Figure 4) followed the classic curvilinear model, which was also found in 
earlier studies (151 :153:156). The average maximal stiffness of th~ group was 
32.3 ± 6.4 kN.m-'. 
Grouped stiffness data using 
40 
the modified protocol --
E 








R2 = 0.996 
0 
0 so 100 150 200 250 300 
Load (kg; 
Figure 4: The averaged sliffness-/oad re/aliOnship of el/lhe subjects used in Lhis study In = 12). 










Figure 5 and Table 3 show the inverse relationship between the damped natural frequency 
























frequency of oscilla tic n 
IJS load 
50 100 150 200 250 JOO 
Load (kg) 
Figure 5: The relaUonship between damped m,lural oscillation frequency and tDad (n =. 12). 
Table 3 shows the damped natural frequency of oscillation ranged from 1.56 - 211 H2. 
Table J: The average damped nalural frequency dala at/he re/alive loads using lhe NAMS unit 
(n x 6 Ina/s per load). 











The first major finding of this study is that the modifIed oscillation technique, using 
absolute rather than relative loads, gives a better representation of the plateau 
phenomenon (Figure 4), as shown in previous studies (132;153;156). {han the original 
procedure used in Chapter 3. This can also be attributed to the change in the equation 
used to calculate the line of best fit (load vs. musculotendinous stiffness), from the 
downward exponential association to the Boltzmann sigmoid equation. The lines of best fit 
calculated from the two equations, did not differ significantly from each other in this subject 
group, i.e. R2 = 0.99 for the Boltzmann equation vs. R2 = 0.98 for the downward 
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Ci!TI:III.J~ FOR THE MVC ISOMETRIC LEG PRESS 
a was 
5 









































ceo,;!!. befofto Ioree ~ 1O!he..,."..1 jwr;I. FIIOM ti ..... ..... ido .. nn~l~ lot 




noa.f· .. 1 
In _*IOKi'."'I01I ,....,. (Fig .... 2). Ihe<e ....... ".'IIiwog p/'Ia$e belote _oc: 
_ ... ..-1k>i1 where 1Ioe .. ...,.... • -.," wd !rom • slanding ",,&if °i. Tho p/'Ia$e It 
~. It_I,'">;""'" end e--..:ll Irom 1Ioe .... n of !he un ... .,..",'11 pI\ue (1) 10 
1Ioe I t.n of !he eu.:eoilric p/>He (2) _ 'tll~I .... 10 .,. _ "1" >; IIc:Jtio" It met. For 
"Tour _ ........ '" cycle" Mones of """"kcoo ... a,aM -. 1Ioe d ... bel .. .... 
of -''''Ki'''''.'I~. !he dat. bel ZEh the peaIo ......... oIoit Ioree. n ...... Of ... n 
af ceo_i'" ceoib ...... ' (3) __ ,of) -... used. FIi;h1m.. _It nnoled lot 
Cf ... · 'SC'l of jump Iieoghl. __ ",led M1Ioe'" difleo ..... be"'"" take-oll (of,_ 
ladinll (S) Al loree _ EM(; det._ ~.,ed .... nglhiot "" ...... bre_. 





















UUP~ IH ~ ~ U~ d ci d d d ~ ~ ~ ~ - N ....... N 
·<rom 
Tlme( .. " 
figure 2: F(lt'DfJ.lime d8/9 019 countermovem6nljump. (" Graph from originsI daIs) 
Jump height for both tests (squat jumps and countermovement jumps) was calculated 
using the following formulae: 
• Vertical take-off velocities IV.) • '10 x t... (flight time) x 9 (gravitational 
acceleration Of 9.81 mos·l ) (7;25;27;29;1 01) 
• Jump height (h) = V/l2g (101) 
.. Alternatively one could use (h) = 1.226 x (t..,)z (7) 
ELECTROMYOGRAPHY IEMO) 
The v<lSluS medialis oblique muscle (VMO) W<i5 (J~ 8!! a measure (If neural activation 
during jumping. Two surface EMG electrodes (Blue sensor SP.()().S, Medicotes! AlS, 
Rugmarken, Denmark) were attached as a pair over the muscle belly with an inler-
electrode distance of -2 em (135) and were placed so that they were orientated paraUel 
with the active muscte fibers. A third neutral reference electrode was placed on the 
anterior tibia. Electromechanical delay was treated as a systematic error, as it was 
assumed thaI th is was either negligible or constant (60). 










The site for electrode placement was determined as the center of the muscle belly when 
contracted isometrically. and the electrodes were attached running parallel to the muscle 
fibers (86) . Before the electrodes were attached. the skin surface was prepared. Hair was 
shaved off using a razor and the skin was scraped with sandpaper to remove the outer 
layer of epidermal skin cells. The skin surface was then swabbed clean, removing any oils 
or dirt. using an alcohol swab. Once the alcohol had evaporated. the electrodes were 
placed on the skin (86). 
All raw EMG data were sampled at 2000 Hz using LabVIEW 6.0.2 (National Instruments. 
Austin. Texas. USA) software and a telemetric EMG system (Noraxon USA, Inc .. 
Scottsdale, Arizona , U.S.A.). Movement artefact was removed using a second-order 
highpass Butterworth filter with a cut-off frequency of 15 Hz (86). EMG data were then full-
wave rectified. and smoothed using a second-order lowpass Butterworth filter with a cut-off 
frequency of 5 Hz (86) , and integrated for further analysis. 
3 Seconds of EMG data were extracted from the MVC test data. 1 second after initiation of 








- - ---, 
r=""l 
~
Figure 3: All isometric leg press MVC on the NAMS unit showing filtered force, and correspondingly filtered 
and full-wave rectified EMG data. (. Graph from original data) 



























2187 ± 84 




2259 ± 150 
2189± 11 
2991 ± 399 
measures 
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.... <> ............ ::u ...... " of 
over three 
MVC MVC IIIIJJUI~jtl! MVC IEMG 
312.7 ± 5.3 8643 ± 144 2883 ± 437 17.1 ± 0.2 18.6±1.5 
348.7 ± 8.4 10011 ±258 6660± 1006 21.2 ± 0.2 24.8 ± 0.2 
223.0±8.6 6335±289 3149± 425 21.0± 0.6 23.B±2.6 
213.2 ± 16.7 6029±515 2277 ± 1191 14.5±1.5 1S.9± 0.7 
228.6± 23.1 5923 ± 677 2981 ± 355 16.1 ±0.6 18.1 ± 1.4 
183.9± 7.8 5127 ± 268 1882 ± 312 12.5±0.6 13.9± 2.0 
258.9±7.7 7397±272 4670 ± 2673 21.8±1.7 24.3± 1.1 
230.3± 15.3 6479±454 2B44±573 17.1 ± 0.2 20.B±0.7 
223.2 ± 1.1 6357± 93 8432± 912 20.1 ± 0.4 24.5±0.6 
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and -EMG measures in .,.,,,,,,.t,,,,.. _C1hl"lI1'".nlnin 
"Total" SJ IEMG "Total" CMJ "Total" CM,I IEMG 
SSClowf 645.7 ±21.3 16.0± 3.7 992.1 ± 34.4 25.2 ± 0.7 
SSClow2 824.6±27.2 11.8 ± 1.0 1225.3 ± 69.5 16.8 ± 1.8 
SSClow3 659.7±6.3 12.2 ± 1.7 1030.0± 5.2 22.1 ±0.3 
SSClow4 655.8± 16.7±2.2 890.5 ±21.9 19.9 ± 0.4 
SSC/0w5 ± 12.5 12.2 ± 1.0 1106.3±25.7 22.0± 1.9 
SSC/0w6 652.4 ±23.2 31.7 ± 3.8 942.9 ± 60.4 43.0±5.8 
SSClow7 748.3 ±3.0 11.7±3.6 1091.3 ± 25.0 15.0±4.0 
SSClowB 597.8 ±42.7 17.2 ±2.7 863.7 ± 57.6 26.7 ±4.4 
SSClow9 595.4 ±43.3 5.0±0.3 ±6.5 12.8 ± 1.5 
SSClowfO 653.6 ±45.4 9.4± 1.6 987.0 ± 23.0 15.2 ± 2.1 

















"'Total" SJ 0.94 3.9 \ ..... ',.. ..... 'Ul 
"Total" SJ IEMG .. ,,-"' ...... 0.96 "'.U""''''.''''''', 14.7(11 
"Total" CMJ m15JUUS6 0.96 3.31.0:; ... ,"",'0:7, 





dfeffect MSeffect dferror MSerror F 
"Total" SJ 2 1788.32 18 739.85 2.42 0.12 
2 21.37 16 4.22 5.06 0.02* 
"Total" CMJ 2 39.86 18 1701.35 0.02 0.98 




a 1 3 < 




























Variable: "Total" S.I IEMG 









and measures in c.tn::.tl"h C.hl'lrt""nirlfJ 
199.2 ± 11.7 5.2±1.1 644.4 ± 58.7 16.4 ± 1.6 
169.4 ± 9.6 2.5±0.2 691.1 ± 39.8 9.3±0.7 
144.4 ± 6.0 3.2±0.5 545.9± 12.5 10.3 ± 1.8 
158.8 ± 21.2 4.8± 0.5 443.2±49.5 7.0±6.1 
155.8 ± 5.1 2.9±0.4 472.2 ±39.5 10.0 ± 0.9 
191.1 ± 14.6 11.6 ± 1.2 454.2 ± 126.1 25.7 ± 3.4 
168.2 ± 10.9 2.5± 0.9 712.5± 86.2 10.0 ± 3.1 
157.6±4.1 6.6 ± 1.6 484.1 ± 53.0 14.5 ±4.4 
195.7±42.7 1.0± 0.5 531.4± 52.7 3.9± 1.6 
212.1 ± 23.4 3.2±0.4 565.1 ± 6.7 8.9 ± 1.4 
measures 












SJ concentric IEMG 
CMJ concentric 





























































CMJ..sJ concentric 0.93 442.6 0.98 
F:EMG difference If 
CMJ-8J 0.62 67.1 0.31 
F:EMG 11'14 
Concentric CM.I F:EMGI 0.82 14 0.31 
SJ F:EMG 
::: 
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TESTING FOR THE MVC ISOMETRIC BENCH PRESS 
a was 
5 
mass as 1 























were as as 
a 






















the concentric phase of concentric throws, 
II was 
l)e'rwE~e n the 
concentric (2) (3) were u:;,,,u. thallhe C:P,nm .. 
Initiation of contraction (1) peak concentric force (2) was the stretching or 
Ihrow. Flighl which IS 
as the time rliftfpf,'n(p o,eMle ase (3) and catch (4). 
Force 
1Iloooo---
800.00 1 concentric """,,,;on throws 
<,DUll 
TImli!(:w:ac.) 





In rebound bench throws (Figure 9), there is an un-weighing phase before eccentric 
where the subject I"'~vp,'" fro man "V1'" "" .. amlse is 
a free-Ialll,no nm,,",,,, and pYllpn,rI of the un-weighing phase (1) 
"('I"",n,frI!': nh,."" (2) wh,~rp 
'Tolar stretch shortening 
initiation of e('~r:BIn1 
measures rebound bench 





of rebound throws, the between the peak eccentric force, transition or start of 
"",n,lrI(" contraction (3) (4) were which is 
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~ ~ ~ ~ ~ ~ ~ ~ ~ ; - ~ ~ ~ ~ ~ ~ m q ~ n ~ n ~ ~ ~ ~ ~ ~ , ~ ..,. tu;I'\ IIJ") '" !,/'II li"i'io 
·':/.00,00 
-..100.00 
" ....... I-ej 
;;....;:.a=,-= Force-lime dB/a of a rebound bench throw r from f"""fI"HI 
was 
x ]( g 
101) 
(101 ) 
one :::: 1 ]( 
ELECTROMVOG RAPHY 
was as a measure d 
sensor 
em (1 












was as a c:.\I4~t;:llrn~ltl 
same as I"IQC~l"'rl 1 
same 
measures 
the measures in bench 
nt>.1'nnm>'l,nl"O in the 
SUBJECT 
MVC MVC MVC IEMG 
force 
678.5 ± 75.5 69.2 ± 7.7 1808 ± 268 1301 ± 87 
518.6 ± 30.9 52.9± 3.2 1409 ± 89 2025 ± 1105 
938.5 ± 120.3 95.7 ± 12.3 2308 ± 318 6314 ± 1122 
542.8 ± 8.1 55.3±0.9 1543 ± 23 2119±200 
1211.7 ± 28.4 123.5 ± 2.9 3073 ±228 3426± 
799.2 ± 34.6 81.5 ± 2179± 31 4682 ± 373 
865.6± 72.0 91.8 ± 6.6 2555 ± 207 3818 ± 
626.6 ± 168.9 52.6±2.9 1401 ± 85 4279± 1778 
1501.3 ± 589.5 185.1 ±4.7 5256 ± 169 7293 ± 789 
778.3 ± 37.8 78.9 ± 3.1 2175 ± 71 4633 ± 1735 
Mean 846.1 :I:: 308.1 88.6 :1::40.'5 2371:1:: 1145 3989:1::1892 
MVC = maximal PCBT = pure concentric 
RBT ::= rebound IEMG= EMG 
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17.9 ± 2.0 21.9±1.5 
17.4±1.6 20.1 ± 0.9 
33.2 ± 1.1 37.2 ± 1.8 
16.7 ± 0.9 17.7 ± 1.4 
30.1 ± 0.5 34.8 ±2.5 
26.3 ± 1.5 28.6 ± 2.0 
28.3 ± 1.0 34.9± 1.6 
12.8 ± 1.4 18.8 ± 3.3 
42.3 ± 1.3 46.6 ± 2.9 
28.4 ± 1.2 30.2 ± 3.5 














measures are re[)e.na 16 
measures 
measures or 
f",.,...'i ... ,.. used in the calculation of stretch 
MVC Peak force 0.99 11.7 
MVC 0.99 5.7 
MVC 0.99 6.6 
MVC IEMG 0.89 24.0 
PCBT throw 5.8 
RBTthrow 0.98 7.7 
PCBTMVV 0.99 2.9 
PCBT 0.99 2.9 
RBTMVV 0.98 4.5 
RBT 0.98 3.9 
= 
10 c::.nr\~ 
as 1 are 










also very repeatable between trials . As with the trial with the lower body, certain subjects 
however are more variable than others over the three trials. 
Individual pure 
concentric bench Individual rebound 
throw (peBT) bench throw (RBT) 
heights 
-- Suhjecl , 
heights 
60 • Subjecl2 60 -------Subtect3 .0 -Subject 4 .0 .~ 
E lO y.:. -!3i4 --SubjectS E JQ ~
~ --Subjecl6 0 - t:-s:::?:: 211 ~ --- SUbject 7 20 
"'"- ----- Subject a 
-----~ t: i -Subjecl9 to ~ SUbject 10 
i \ Q --, 
0 , .:) 0 l l 
T rlals (Day 1.)) Tr~ (Day 1-3) 
Figure 10; A grsphicaJ representation 01 Ina vsriabilily for each subject of the canoenlric Inrows (peST) 
end the slr81ch shorl8ning cycle throws (RBT) over the Ihre-B tris/s. 
The stretch shortening cycle throws or rebound bench throws (RBT) as with the lower 
body also appear to be more variable than the concentric throws or pure concentric bench 
throws (PC BT) (Tab les 15 and 16, Figure 10). 
Table 17: On&-wsy ar18lysis 01 vMence In measures used in the catcu/slion of sire/en shortening cycle 
periormanca in/he upper axlremilJes (n = 10). 
Veriable df MS eHect. df error MS IirrCif' 1= ~Jev81 ("sIgnifIcant) 
QHIH:t 
,",\lC Peak fOre. ('") 2 37.37 18 3-458 0.01 O.M 
M\le (kg) 2 0.40 18 36.07 0.01 0.99 
""ve IrnpulM INa) 2 282.2 18 J.4976 0.08 0.92 
MVC IEMG (11\\18) 2 1991610 18 1149686 1.73 0.21 
PeST Ulrow tloighl 2 2.06 18 1.600 1.29 0 .30 
(c.rn) 
RBT Ihrow .... Ight 2 20.2.9 16 2.86 7.10 0.01" 
(em) 
Pe91' M\IV (mI,) 2 0.01 18 0.003 138 0.28 
PeST Alghl urn. (a) 2 0.0001 18 0 .0002 O.SS 0.40 
ReT M\IV 2. O .~ 18 0.01 5.47 0.01' 
(rnl&) 
ReT night Uma (al 2 0.002 18 0.0002 5.78 0.01-
Indelt: MVC = maximal volunfary confrac/lon, PCST = ptJre COlleen/ric bench fhrow. 
RBT = rebound bench throw, IEEMG = inlagra/8d EMG. MVV = Ms)(imaJ vertical veloci/y 













I"'OSC-11DC test in stretch ","', ... '+",ni",", 


















JIll JIll JIll 
O;-rT~,,-r~rT.-~~,,_.._rT,_~_.~ 
o 10 
concentric bench throw 
the B -- of Anl'P-AJrnI')Jnt 
behNeenthesecondandthini 
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DeClWeEm the -'U:>/Vln'n 













and measures in 
:::: 
SUBJECT "Total" PCBT impulse "Total" PCBT IEMG "Total" REIT Impulse "Total" REIT IEMG 
171.4± 7.3 22.4± 3.6 216.0± 5.9 22.9±5.8 
1B4.5± 10.7 18.0±4.6 227.4±9.7 Zl.2± 5.6 
202.4± 5.3 15.2 ± 2.5 Zl4.7± 6.0 19.8±1.0 
155.4± 13.0 22.2 ± 2.1 206.4±3.3 20.6± 3.6 
158.8± 5.7 10.6± 1.4 222.8±6.3 12.6± 1.9 
180.9± 18.0 14.8 ± 1.8 233.7± 10.1 17.6 ± 3.8 
157.5± 7.9 10.9± 3.6 22B.0±9.7 17.2 ± 6.0 
153.3±9.0 19.9±3.4 236.8 ± 18.1 22.7 ± 5.3 
176.2± 127 7.9 ± 1.2 245.7±2.3 7.4±3.S 
155.0± 0.9 10.9±1.2 222.1 ± 5.9 14.6± 1.3 




and measures in ",tll",t",',., .C:::Jhnrtl'>n 
Variable Intra-class Correlation Coefficient % Coefficient of Variation 
95% Confidence Interval 
"Total" PCBT 
"Total" PCBT IEMG 
"Total" RBT 




























were no over 
measures 
). 
measures used in _<::tn.tl"'h _<::hI1l't .... ninlfl 
error 
"Total" peBT 2 26.39 18 111.11 0.24 0.79 
"Total" peBT 2 16.66 18 6.71 2.48 0.11 
IEMG 
2 68.49 18 79.00 0.87 0.44 
"Total" RBT 2 28.29 18 16.29 1.74 0.20 
IEMG 
measures 
""'" ... ,,'" test measures in ""1",,,.11"'" "'" .. ,11''''.,.,,,,, .... 
SUBJECT peBT concentric 
peBT concentric RBT concentric RBT concentric 
IEMG IEMG 
84.3±10.6 10.1 ±2.7 130.9 ±4.5 15.3 ± 4.5 
92.9 ± 3.6 10.7 ± 2.2 145.8 ± 14.5 17.3 ± 2.2 
87.7± 4.3±0.2 111.4 ± 13.5 5.8 ± 1.3 
77.1 ±4.0 10.5 ± 1.6 130.0± 7.2 14.3 ±3.9 
88.2±23.9 5.9±2.3 132.7± 2.2 7.1 ±0.3 
81.3± 18.1 5.5± 1.3 131.6 ± 16.0 9.8±3.6 
79.3±6.2 5.5 ± 1.9 131.4 ± 5.9 10.1 ± 3.2 
77.3±6.0 8.2 ± 1.6 125.5 ±8.1 13.5 ± 2.3 
78.2 ±21.5 3.2 ± 1.2 134.9 ± 11.6 5.0 ±2.5 


















Variable Intra-class Correlation Coefficient % Coefficient of 
peBT concentric iml)ull;e -0.79 13.9 
peBT concentric IEMG 0.85 IY.".;M..'."Y 25.7 
RBT concentric Iml)ullie 0.55 7.0 




variance in concentric measures in 
upper :::: 
Variable Dfeffect MSeffect dferror MS error F 
peBT concentric 2 294.74 18 178.77 1.65 0.22 
peBT concentric 2 2.09 18 3.42 0.61 0.55 
IEMG 
RBT concentric 2 65.68 18 105.11 0.62 0.55 
2 12.86 18 7.11 1.81 0.19 











n.::>,rfrllrrn,::.nl''''''' in stretch 
Coefficient Variation 
Confidence Confidence 
"Total" PeBT F:EMG ratio 0.90 17.6 0.49 
(N/"/aMVC) 
"Total" RBT F:EMG ratio 0.72 (0.40-0.91) 23.1 0.35 
(N/"hMVC) 
Concentric PeBT F:EMG ratio 0.88 22.7 0.10 
Concentric RBT F:EMG ratio 0.74 (0.43-0.92) 25.3 (19.1-37.4) 0.40 
(N/"hMVC) 
"Total" RBT/"Total" PeBT Impulse 0.50 5.9 0.92 
potentiation ratio 
RBT/PeBT concentric Impulse 0.08 11.7 0.24 
potentiation ratio 
RBT -PeBT Height difference (em) 0.48 71.5 0.07 
RBT -PeBT height 0.75 71.7 (54.2-106.0) 0.36 
% Potentiation 
RBTIPCBT height potentiation ratio o.n 7.0 0.40 
"Total" RBT -PCBT 0.42 162.3 0.46 
F:EMG difference (NJ%MVC) 
"Total" RBT -PeBT 0.47 129.1 (976-190.9) 0.63 
F:EMG % difference 
"Total" RBT F:EMG/"Total" PeST 0.47 17.7 0.63 
F:EMG ratio 
RBT -PeBT concentric -0.09 743.8 0.87 
F:EMG difference (N/"/oMVC) 
RST -PeST concentric -0.24 733.5 0.39 
F:EMG % difference 
Concentric RBT F:EMGI Concentric -0.24 -0.16) 20.6 (15.6-30.5) 0.39 
PeBT F:EMG ratio 
MVC= 
= 
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measures are more 
rr"'._Tllrn"" measures. 
or 
are no or 
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accommodate the and 














rrlJI'T""-r,',.,..,,, reO'/onal bJlUaj/(dclwn of a 
measures 



































were trJCI,~tJCIII1 as 
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c!~::II1:OClonl reasons. :: 1 
sUIOJe,cts were 
1. 
res~seCi as a 7 
::: 
2 















DI8CIS were Qi;;lIr,,,, ... 
THE MODIFIED OSCILLATION TEST FOR THE LOWER BODY 
same was as 4 1 - 1 
mass was 
DI8CIS were 










same were as 
TESTING FOR THE MVC ISOMETRIC LEG PRESS 
same ure was 
5 1 - 1 
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measures were only meiaSIUI 
a as 











Down1 11.8 13.7 16.9 18.7 
Down2 10.8 13.4 18.1 18.7 
Down3 15.5 18.5 21.6 23.7 
Down4 10.9 14.2 17.0 19.1 
DownS 13.0 16.5 19.1 19.9 
Down6 12.6 17.3 17.4 19.4 
Down7 12.8 16.8 18.9 21.6 
DownS 11.7 15.8 17.6 17.8 
Down9 16.1 18.0 20.7 22.1 
Down10 13.7 16.2 20.9 23.1 
Down11 19.4 19.4 21.7 23.2 
Down12 16.5 20.3 21.5 20.6 
Down13 16.7 19.1 22.2 22.8 
Down14 15.8 18.4 20.9 23.1 
Down1S 14.9 17.8 17.2 18.5 
Down16 16.7 20.2 21.4 20.9 
Down17 15.2 18.8 21.6 22.8 
LW VLJLAWOO2~ 
19.5 22.0 23.2 
20.9 23.0 
23.7 27.1 27.9 
19.8 19.9 22.5 
25.8 26.4 27.6 
22.7 
23.9 22.4 
18.1 22.3 23.8 
23.1 24.0 
25.1 26.2 

















































The tend"" . I,"ne05 _.lue. range<! ffom <'0 5·39.6 I;N m' ave'.gl~:/9 ~ .6 0 ~N m-' 
TM lub)f>cls mln~ged "" average between ti· a load. belore "'" data became unatab/<!. 
F>g "'" ti I h.,.,. tha i the g'oup data onc.e I ga," I_d !lie cra •• ie CUMli,,,,., mod$!. 
whicn was foUlld ., the urtier . Iud ies IC~ &pIeI. 3 anod 5) Inci hi. 11100 been . !>Own ., 
p",,",ous ",sea,ch (132;1 51;153;156). The , • ..,111 ollh .. 'II.-'C!y al.o COI'~r~ miL .. 
wilh lh' u ,lie' . 1udie. (eMplelS 3 and ~). 1M ,ncliwlull a ub,ecl dlla became mo<e 
variabt. Ollho ""'v,. ' Ioaods 
40 
• 35 , -• 0 'E 30 0 ,. , 
'C Z 25 0 ~ • -- • 20 .2 • , • 0 0 15 
• ,. , ,. - 10 ,. • 
5 • Averaged group Stiffness data 
0 , I ' 1 " " 1 ""1 ''' ' 1''''1 
0 50 100 150 200 250 300 
Load (kg) 
The damped nl lu ro l lrequency of oociHatlO~ IF ogu'e 7 a ncl T.~ Ie 3) 1100 ",""",.oed a< the 
load on Ih' lOwer b<>d y was inert.oed T~. nu 1100 r'equeroUy been ",,0..0\ ,n the e.~'" 










Table 3: The average damped natural frequency data at the relative loads using the NAMS unit 
(n )( 6 trials per load) 


































Dam d Natural Fre uenc Hz 
2.09 ± 0.19 










1.58 ± 0.04 
R2= 0.98 
• 
200 300 400 
Load 
(kg) 
Figure 7: The response of the damp9d natural frequMcy of oscillation of the muscle-tendon complex under 
incr9mentalloading conditions (n = 17). 
Table 4 shows the range of vertical jump test data that was used for determining the 
stretch shortening cycle potentiation of vertical jump performance. 










tests used in calculation 
Subject 
DoW'l'l1 24.9 27.8 216.8 350.0 11.0 16.7 19.7 20.9 657 1165 1694 2744 
DoW'l'l2 26.9 31.9 276.9 434.4 16.2 23.4 17.1 18.5 917 1776 2741 3716 
DoW'l'l3 23.4 26.5 211.0 337.1 15.9 20.3 13.3 16.6 705 1305 1702 2712 
Down4 20.5 23.0 192.2 301.1 14.7 16.1 13.1 18.7 424 1077 1317 2384 
DoW'l'l5 25.4 27.8 222.0 363.5 17.0 18.4 13.1 19.7 605 1374 1645 2808 
DoW'l'l6 23.9 25.4 187.2 265.4 12.9 15.8 14.5 16.8 440 918 1486 2126 
DoW'l'l7 25.2 27.3 208.6 317.7 12.9 12.6 16.2 25.2 589 1123 1392 2532 
DoW'l'l8 27.6 31.1 244.7 416.1 7.4 10.3 33.2 40.4 857 1636 1969 3285 
DoW'/'I9 21.5 27.0 183.0 315.0 15.5 13.2 11.8 23.9 467 1222 1301 2589 
DoW'l'l10 28.1 31.5 240.4 398.5 7.2 8.5 33.2 47.1 840 1760 1900 3207 
DoW'l'l11 27.8 29.4 211.1 343.2 12.1 15.8 17.4 21.8 887 1743 1985 3188 
DoW'l'l12 21.5 23.7 196.6 314.2 9.9 15.1 19.8 20.8 655 1155 1376 1907 
DoW'l'l13 25.3 28.1 223.0 349.3 12.2 15.6 18.2 22.3 828 1238 2029 3039 
DoW'l'l14 27.4 31.7 233.2 393.5 16.4 19.9 14.2 19.8 614 1640 2136 3601 
DoW'l'l15 20.7 23.3 170.8 276.4 13.7 18.0 12.5 15.3 556 986 1129 1865 
DoW'l'l16 31.0 31.7 230.5 327.5 9.9 16.4 23.2 20.0 1124 1393 2437 2825 
DoW'l'l17 25.5 29.0 223.0 365.6 14.0 21.0 16.0 18.4 714 1713 1640 2914 
Average 25.1 28.0 215.9 346.4 12.9 16.3 1B.0 22.7 699 137B 1758 2791 
:tSD :t 2.9 :t 3.0 :t 26.0 :t 47.6 ±3.0 :t 3.B :t 6.5 :t B.4 ± 1B9 :t 308 :t429 :t 532 
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5 as a 
measures in ::: 
Subject CMJ-SJ height CMJ-SJ CMJ-SJ CMJ-SJ CMJ-SJ CMJ-SJ 
Potentiation Impulse "!oIEMG F:EMG AP Potentiation PP Potentiation 
(%) Potentiation Potentiation Potentiation ("!o) 
(%) (%) (%) 
Down1 11.6 61.4 51.7 6.4 77.3 62.0 
Down2 18.6 56.9 44.8 8.4 93.7 35.6 
Down3 13.2 59.8 27.5 25.3 85.1 59.3 
Down4 12.2 56.7 9.2 43.4 154.0 81.0 
DownS 9.4 63.7 8.6 50.8 127.1 70.7 
Down6 6.3 41.8 22.6 15.6 108.6 43.1 
Down7 8.3 52.3 -2.2 55.7 90.7 81.9 
DownS 12.7 70.0 39.8 21.6 114.2 66.8 
DownS 25.6 72.1 15.1 102.8 161.7 99.0 
Down10 12.1 65.8 17.0 41.7 109.5 68.8 
Down11 5.8 62.6 29.7 25.3 00.5 60.6 
Down12 10.2 59.8 52.2 5.0 76.3 38.6 
Down13 11.1 56.6 27.8 22.6 49.5 49.8 
Down14 15.7 68.7 21.2 39.2 167.1 68.6 
Down15 12.6 61.8 31.7 22.8 77.3 65.2 
Down16 2.3 42.1 65.0 -13.9 23.9 15.9 
Down17 13.7 72.9 49.9 15.3 139.9 77.7 
Average 11.8 60.3 28.3 28.7 103.1 61.4 
:tSD 1:5.2 1:9.0 1:21.1 1:26.2 1:38.8 1:20.1 
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VERTICAL JUMP HEIGHT AND PERFORMANCE DATA 
The average- (Figure 16) and peak power output data (Figure 17) were compared using 
the modified regional breakdown and the formulae of Harman et aL (69). with the 
calculated vertical jump height in both squat jumps and countermovement jumps on the 
NAMS unit. 
Figure 16 shows the relationship between squat jumps (A) and countermovement jumps 
(B) and their respective average power data. Both squat jump height (r = 0.81. 
p < 0.0001) and countermovement jump height (r = 0.83. p < 0.0001) were highly 
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r :::;; 0.83' Significanl 
20~~~~~~~~~~~~ 
500 1000 1500 2000 
Average power (W) 
Figure 16: The ra/ationship bet.Neen vertical jump hei9hl at'ld average power it'l squat jumps (A) at'ld 
cout'llermovementjumps (8) (n = 17). 
Figure 17 shows the relationship between squat jumps (A) and countermovement jumps 
(B) and their respective peak power data. Both (A) squat jump height (r = 0.82. 
P < 0.0001) and (B) countermovement jump height «( = 0.90. P < 0.0001) were highly 
correlated to the peak power output of their respective force-time data (Figure 17), 
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Figure 17: The relationship b6tweel1 vertical jump height and peak power In squat jumps (A) 811d 
counferrnovemenljumps (8) (11 = 17). 
Net impulse and average force data were also compared to the vertical jump height data. 
Net impulse of their respective force plate data correlated well with both sq uat jump heig ht 
(r = 0.75. p c::: 0.0005) and countermovement jump height (r = 0.81, P <:: 0.0001). Similar 
relationships were encountered with the average force data: squat jumps (r = 0.73. 
p < 0.0009) and countermovement jumps (r = 0.77. p <:: 0.0003). 
DISCUSSION 
MUSCULOTENDINOUS STIFFNESS AND STRETCH 
SHORTENING CYCLE POTENTIA T/ON 
The primary aim of this study was to investigate the relationship between maximal 
musculotendinous or tendon stiffness, as determined by the modified oscillation technique, 
and stretch shortening cycle ability established by vertical jumps. 
Numerous techniques have been used to determine musculotendinous stiffness. Different 
types of muscle contraction, intensity levels. joint positions, protocols and mathematical 
equations have been used to Quantify the elastic or stiffness properties of the muscle-
tendon complex (152). The diversity of muscle architecture additionally affects the 
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4.9 6.5 9.0 11.7 13.9 14.8 16.1 16.8 16.8 11.1 
4.8 6.1 8.0 10.0 11.1 14.0 12.9 13.8 14.3 15.0 15.3 
4.7 7.2 8.7 10.0 10.8 11.5 
6.1 8.2 9.8 10.0 10.4 11.2 11.5 12.5 13.0 
4.3 6.0 8.0 10.0 11.1 12.3 12.0 12.5 13.3 13.2 
5.2 7.5 8.7 11.7 12.5 11.5 
Up7 5.2 7.0 8.7 9.2 9.8 16.2 
5.1 6.9 8.8 10.5 11.1 12.8 16.0 
5.1 6.4 8.3 10.1 11.6 13.3 13.4 16.5 
4.3 4.8 6.6 7.2 8.2 15.2 
5.4 7.0 9.3 12.4 13.6 15.1 18.6 17.7 19.6 18.9 20.1 
5.5 7.6 9.1 9.7 12.6 13.5 35.2 
5.4 6.8 8.4 9.6 9.7 10.1 
5.4 6.5 8.0 10.3 11.9 15.6 17.8 20.0 20.3 22.4 24.8 32.2 
Up17 5.8 7.6 7.9 8.6 9.7 8.4 9.0 
5.2 7.2 9.0 9.6 11.2 16.0 
5.1 6.3 8.5 8.5 8.0 8.5 
5.6 7.2 8.0 9.1 8.3 8.3 
Up24 4.5 5.3 6.5 7.5 8.3 9.4 9.1 8.8 9.6 
Average 5.1 6.7 8.4 9.8 10.7 12.8 13.9 14.6 18.8 24.8 
:t 0.5 :t 0.8 :t 0.8 :t 1.3 :t 1.8 :t :t 3.3 :t 










Figure 6 illustrates the grouped average profile of the stiHness-load relationship of the 
subjects used in this trial. The three higher loads were omitted from this graph, as there 
were too few subjects that managed these loads with sufficient stability. Onty 5 subjects 
managed the 81.3 kg load, 3 subjects the 88.8 kg and 1 lhe 96.3 kg load, It became more 
difficult for the subjects to maintain the loads as they became heavier, irrespective of the 
strength of the subject. 
The majority of the stiffness data followed the classical cUNilinear stiHness-load 
relationship shown in the earlier studies (Chapters 3, 4, and 6). However not all subjects 
could maintain loads heavy enough to visually induce the formation of a plateau. This was 
systematically corrected for, as all data were fitted to the Boltzmann equation and 
extrapolated to a maximum plateau. Musculotendinous stiffness values, obsefVed in the 
individual subject data, became more variable as the roads were increased. Based on 
previous data available from earlier studies (Chapter 3) and previous research (156) this 
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Figure 6: The grouped average sliffness-Ioad relationship dala of/he suQjec1s us~d in Ihis sJudy (n = 1!)). 
Oniy {he data up {o 73.8 kg were plotted as very few subjec{.s managecJ heavier Iooos. 
The relationship between the damped natural frequency of oscillation and increasing load 
followed the same pattern that we had found in our earlier studies (Chapters 3, 5 and 6). 
"The oscillation frequency decreased. as the load on the muscle-tendon complex was 










increased. This relationship (Figure 7) was however far more variable than in the lower 
body study (Chapter 6), but nevertheless tollowed the same tendency. As mentioned 
earlier, there were insufficient subjects tested at the 81.3 . 96.3 kg loads. The data from 
these loads were therefore excluded in Figure 7 and Table 3. 
Table 3 shows that the damped natural frequency of oscillations in the upper body trial 
ranged from 2.19 - 2.43 Hz over the various loading conditions . 
Table l: The 8verage upper body da.mped nalurallrequency data at the relative loads using Ihe NAMS unH 
{n ';( 6 IriBls per load) . 
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Fiqvre 7: The response of l/1e damped nalural freQut!mcy of oscil/alJon of IhfJ mUSf;/~tf3ndon compJ(3)( under 
incremental lot;ding COf)dilions (n = 19). 











tests in 1"Q1',",UI,gU'1.I1 
38.8 38.9 92.4 132.6 10.0 10.9 9.2 12.1 628 1154 1510 
39.5 41.3 84.5 139.3 9.1 10.8 9.3 12.9 422 1240 1100 
37.0 38.5 73.9 132.6 14.7 5.0 8.2 327 1058 769 2010 
37.7 36.1 71.2 122.8 11.1 1 6.4 10.5 342 871 693 1975 
40.9 42.8 85.5 144.6 10.8 12.2 7.9 11.8 521 1300 1102 2332 
35.8 36.2 73.1 122.7 13.7 16.1 5.3 7.6 338 884 716 1356 
30.0 28.3 85.5 107.6 14.9 18.2 4.4 5.9 283 669 500 1069 
27.6 26.5 68.7 121.2 15.8 16.9 4.3 7.2 ' 309 879 669 1823 
33.7 32.1 69.4 117.9 7.7 10.8 9.0 10.9 422 857 808 1868 
26.3 29.7 64.8 93.8 16.1 14.6 4.0 6.4 226 477 733 825 
44.8 41.4 105.1 156.3 9.4 7.8 11.2 20.0 715 1976 1787 3909 
42.8 47.4 122.6 184.8 14.8 16.6 8.3 11.1 1031 2139 2521 4798 
24.5 24.1 62.2 105.5 13.3 15.1 4.7 7.0 225 667 462 966 
52.3 52.7 107.9 161.0 7.3 9.3 14.8 17.4 849 1720 2170 3603 
39.9 40.1 93.6 153.7 8.7 10.1 10.8 15.2 623 1545 1284 2368 
34.0 38.6 81.5 130.1 13.0 16.8 6.2 7.7 385 1137 974 1995 
26.2 25.8 67.3 116.5 9.0 10.3 7.5 11.3 278 736 529 1456 
25.7 30.7 64.4 115.2 19.5 15.3 3.3 7.5 227 875 473 1688 
33.1 28.6 71.0 111.0 9.1 9.9 7.8 11.2 324 687 801 1820 
35.8 80.2 130.0 12.0 13.1 7.3 10.6 446 1099 1031 2141 
:t 7.8 :t 17.1 :t 22.4 :t 3.4 :t 3.2 :t 3.0 :t 3.8 :t 226 :t 461 :t 585 :t 1013 
8 were 
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Figure 9: A scalterplDl. between maximal (Iendon) sliffness and aver8ge power generated in pure concentric 
bench throws (A) and rebound bsnch Ihrows (8) (n = 19). 
Figure 10 shows a similar pattern to that of Figure 9, however the relationships between 
tendon stiffness and peak power in pure concentric bench throws (r = 0.87, p < 0.0001) 
and rebound bench throws (r = 0.79, P < 0.0001) were bet1er. There was a good 
relationship bet\.veen tendon stiffness and peak power in both bench throws, as tendon 
stiffness could account for at least 76% and 62% af the variability in peak power tor pure 
concentric- and rebound bench throws respectively. 
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Figure 10: A scatterplol b6tw~n maximal (tendon) stiffness Md peak power generated In pure concentric 
bench throws (A) Md rebound bench lhrows (A) (n = 19). 
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measures used in bench :::: 
Subject RBT-PCBT RBT-PCBT RBT-PCBT RBT-PCBT RBT-PCBT RBT-PCBT 
throw height Impulse o/oIEMG F:EMG AP Potentiation PP Potentiation 
Potentiation Potentiation Potentiation Potentiation (%) (%) 
(%) (%) (%) (%) 
Up1 0.3 43.6 9.3 31.4 83.8 62.7 
4.6 64.8 18.5 39.1 193.8 113.5 
4.1 79.4 10.3 62.6 223.5 161.4 
-4.2 72.5 5.4 63.7 154.7 185.0 
4.6 69.2 12.9 49.9 149.5 111.6 
1.1 67.8 17.5 42.8 161.5 89.4 
-5.7 64.2 21.8 34.8 136.4 113.8 
-4.0 76.3 6.7 65.2 184.5 172.5 
-4.7 69.9 39.9 21.4 103.1 131.2 
12.9 44.6 -9.4 59.6 111.1 12.6 
-7.6 48.7 -16.8 78.8 176.4 118.7 
10.7 50.7 12.3 34.2 107.5 90.3 
-1.6 69.7 13.2 49.9 196.4 109.1 
0.8 49.2 27.3 17.3 102.6 66.0 
0.5 64.2 16.6 40.9 148.0 88.9 
13.5 59.7 28.7 24.1 195.3 104.8 
-1.5 73.1 14.7 50.9 164.7 175.2 
19.5 78.9 -21.5 127.8 285.5 256.9 
-13.6 56.3 8.3 44.2 112.0 127.2 
Average 1.6 63.3 11.4 49.4 157.4 120.6 
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throws (r = 0 .04, p <: 0 .003), peak power for pure concentric bench throws (r = 0.64, 
P < 0 .003) and peak power for rebound throws (r = 0.62, P <: 0.004) . Even though 
musculotendinous stiffness at this load was significantly related to fhese abovementioned 
variables, the relationships were relatively weak. 
BENCH THROW HEIGHT AND PERFORMANCE DATA 
Average- (Figure 16) and peak power output data (Figure 17) using the modified regional 
breakdown and formulae of Harman et al. (69), with the calcurated bench throw heights of 
both rebound and pure concentric throws, were compared. Figure 16 shows the 
scatterplot of pure concentric throw height (A) and rebound bench throw height (8) and 
their respective average power output data. Both (A) pure concenlric throws 
(r = 0 .84, P < 0.0001) and (8) rebound throws (r = 0.85, P < 0 .0001) were correlated to (he 
average power output of their respective force-time data. 
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Figure 10: The scatterp/o/s of bench throw heigh/ and average power in pure CDncen/lic bench th,ow.s (A) 
and rebound bench /hrows (8) (n = 19). 
Figure 17 shows the scatierplots of pure concentric bench throw height (A) and rebound 
bench throw height (B) and their respective peak power output dala. 80lh (A) pure 
concentric throws (r = 0.83, P <: 0 .0001) and (8) rebound throws (r = 0 .81, P < 0.0001) 
were correlated to the peak power output of their respective force-time data. These 
abovementioned relationships were also reflected in their respective impulse data. which 
also correlated highly with pure concentric bench throw heig ht (r = 0.85. P <: 0.0001) and 










bench throw height (r =: 0,87, p < 0,0001), S'lmilar relationships were encountered 
with the d pure ('f)lnre'n throws (r ::: 





r ::::: ~ Sig-n.t"lcaM 
o+-~~~~~~,-~~~ 
a 1000 2000 3000 
L 
<.> 25 
p < 0,0001) rebound 
power (W) 
~~!W.~ The sClltterplols of bench Ihrow height and peak power in pure concenlric bench throws (A) and 
rebound bench Ihrows (B) (n = 19). 
AND 
SH,ORTElIl/NIG C 
The primary aim of this study was to explore relationship between maximal 
musculotendinous (tendon) stiffness, as determined by the modified oscillation technique 
in the u body, and stretch shortening cycle lily esta by throws, 
maximal (tendon) stiffness in the study ranged from kN,m" ing 
15,6 ± 3 kN,m", which was similar to the values reported in previous research using a 
similar methodology (Chapter 3, p 1 - 161), With the modified upper body protocol, 
subjects man on average between 5 - 6 toads and displayed a wide range of 
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TENDON ELASnetT'( ANO STRETCH SHORTENING CYCLE 
I"ERFORItIIANCE 
Ch.pIe .. eo ."., 7 .....,.. II'IIt __ II no or I _a~ ,atalKlnSl!tl> beIMen ... -eI~ 
l.ail\ne$tl ."., _ten ~ qodol ...... JItWlorI ol ~ ... "" _, a"" "I'fIet 
DocI~'~ '" Ilwo ~h"" ,eview (C~p"" 1) ~ _ s"gg ... ted ilia. "'".,"'" 
_blln III ...,.., Il'IIclllletGlt __ ""'9 ~ ~_ at....- perlt>rman<:e 
... IItOItE COMPl.II>KI , EHOOo< 
I. Ie ,.0 ' 1'~1e t!\.ol • tnuKle-tendOn GOn'II)I,U ""t~ • more compl,anllendon (Figure 31 elICits 
sttetell l/IOI!en'ng ~ POIInu.~O/I <>f m~1CIe pet10tmanee priman!)' a. " ,u..t. or the 
lna __ ..... e _ ....... no.lrom Ih_ '_on" and t_n<M<>uo .~UC'~tO" , combitK>d 
WlIh !hi! enh.nC&d InlGfiCtlort tP!cK:tl .lIOCIltod "'I~ • mot, """",hanl lendon , I ~ 
""I'tnIIDd fcrGO·""loctty.nII "'ngt~·I'n.k>o reiltlOl>lloipl o!!he __ tnIScIe ~bteOl 
-.uoowt ..... ,-. 










A STIFFER TENDON 
Alternatively, it is plausible that a muscle-tendon complex with a stiffer tendon (Figure 4) 
elicits stretch shortening cycle potentiation of muscle performance primarily via enhanced 
neural mechanisms and improved force-transmission capabilities. It is possible that the 
increased linear extension of the involved myofibrils during the eccentric contraction 
phase, and the corresponding increased muscle spindle distortion associated with a stiffer 
tendon , enhances the reflex activation of additional muscle fibres, and/or the formation of 
additional actomyosin cross-bridges within the already activated muscle fibres. This 
enhanced muscle activation coupled with the better force-transmission capabilities of a 
stiffer muscle-tendon complex, could enhance the concentric force and power output of the 
muscle-tendon complex during the stretch shortening cycle muscle action. 
Tendon extends less 
j ! 
Increased mechanical 
Figure 4: The proposed mechanisms through which a muscle-tendon complex with 8 stiffer tendon elicits 
improved musde performance via the stretch shortening cycle 
FINAL CONCLUSIONS 
In the lower body (Chapter 6) and upper body (Chapter 7) studies, no moderate to strong 
relationships were shown between maximal musculotendinous (tendon) stiffness and 
stretch shortening cycle potentiation of any of the involved measurements i.e. jump/throw 
























THE ECCENTRIC CONTRACTION p ..... sE 
FoglK" 5 d".cnbe. the projeetW Interact""" wlthrn the eccent"c COnt<.C~on ~~ ... " 01 ",. 
stretc h ,hor1en;"Q .:yde musdo actOO" AI . r~u~ 01 !lie meehankms depiClf:'d '" 
Figure ~. (Of a tl'lUICIe-teMon "'''>!llex WIII1 a stiffer teMon. & gruter ,,,Ilex ""t .. a'on 
respono" 01 the rnv""""d "",o<:le frt>t •• In r~rsL/lnce to st'etch rs ".~d r;om~arf:'d to a 
muocle·tendon complex with a rro:>,e COmo/10M "'ndOf1 nilS would co<,,,!-pOI><Ir"ll¥ lea<! to 
greate, muoc:le slirr ....... nd !heretor" gr"ate' resistance to .tt" lch . _,,,by .. c," ... ~ tM 
(Ofee pr""uction in \he 5till<!, muscle ·tend"" """"lel< to a g,eal'" eJllenllhan in a mwsd .. 
tendon comp .... WIth • rnrue compliant .endon (Figure 5) Bort> the ',lilf9f lendon' ond 
'more comp/i4n/ lende<1' comple_ IO<)Uld impo~ ,. cenam amounl of streiCh en Itle .. 
re""",'i"" tendons. yet 10, ,he •• me amounl of loading Ft may be proposed that 'M .train 
would be grea,e, in the rro:>re comp liant mu"",e-tendon ""mple. (F,!!"," 5). 
: ..... ~ .. . . . a.-. 
, •••••• c.,· A _"" '_I<M __ . (}( ... 011"'-"" ()(. " ........ """" " .. pr·", "'-' on " .. 
oc:e.nlli<: «WI"""""",... .. '" ~ _""'II <)'ClIO ,..., ' . ,,.,.., 


































II needs Ie be relteraled Inal tile ode.s in tNs ...,clion have evolved ff<)m the ",.ullo of Ihe 
.~rIOU' stUdie$ in tn i$ the.,. and need to be eKam,ne<l systematic. lIv in lutu re stud ... 'Of 
verific.hO"-
FINAI.E 
The relative co ntnbubon. of Inu. variou~ meehar .. ms 10 polenllate mUOGIe performance 
dunng the sltetch shortelling cyCle muscle act,on, :seern$ to be more comp~. than 
originally e.ped"<l Further re..,ar,h necds to loxuo ~ the comb iroed runcliOl1iog and 
inl<'>raOlion be-.en the mechanism, involved In 1M slrelen shonening cycle pOIen~.tion 
of mu$Qe perfl>l'manct to underSl.rKI the wmpluil)' of tnt$ dynlmic form 01 mu,c1c 
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